UNCLASSIFIED

AD NUMBER

AD843985

NEW LIMITATION CHANGE

TO

Approved for public release, distribution
unlimited

FROM
Distribution authorized to U.S. Gov't.
agencies and their contractors; Critical
Technology; MAR 1968. Other requests shall
be referred to Air Force Materials Lab.,
Attn: MANL, Wright-Patterson AFB, OH

45433.

AUTHORITY

Air Force Materials Lab. ltr dtd 7 Dec
1972

THIS PAGE IS UNCLASSIFIED



AFML-TR-67-133
Part II

PHYSICAL AND CHEMICAL PROPERTIES OF FLUIDS, LUBRICANTS AND RELATED MATERIALS

A. A. Krawetz
J. Krawetz
G. A. Krawetz, et al.

VR TR RN

e B A

AD 843985

-

Phoenix Chemical Laboratory, Inc.

TECHNICAL REPOR;aﬁixLIg§;67-133, PART 11 | [:) '[:) (:: |
DEC 2 1968

S Fin A B T R R P

g
-
]

/

o

\
AR T A

This document is subject to special export controls _
and each transmittal to foreign governments or foreign [

nationals may be made only with prior approval of the
Fluid and Lubiicont Materials Branch, MANL, Nonmetallic
Materials Division, Air Force Materials Laboratory,
Wright-Patterson Air Force Base, Ohio 45432

Ll T e Sl e e e S et
S Mt i AL L A SN

Air Force Materials Laboratory
Air Force Systems Command
Wright-Patterson Air Force Base, Ohio

/
5B
X

T AT AT aw s R ket e e i < it et 1w A ot



AFML-TR~67-133
Part II

PHYSICAL AND CHEMICAL PROPERTIES OF FLUIDS, LUBRICANTS AND RELATED MATERIALS

A. A. Krawetz
J. Krawetz
G. A. Krawetz, et al.

This Jocument is sunject to special export controls

anJ each transmittal to foreign governments or foieign
nationals may be made only with prior approval of the
Fluid and Lubricant Marerials Branch, MANL, Nonmetallic
Materials Division, Air Force Materials Laboratory,
Wright-Patterson Air For-e Base, Chio 45433




FOREWORD

This report was prepared by Phoenix Chemical Laboratory, Inc. under
USAF Contract No. AF 33(615)-3416. This contract was initiated under
Project No. 73L43 "Asrospace Lubricants", Task No. 734303 "Fluid Lubricant
Materials®. This work was administered under the direction of the
Mr Force Materials Laboratory, Alr Force Systems Command, Wright~Patterson
Air Force Base, Ohio, with Mr. Keith W. Burris as project engineer.

This report covers work performed between 1 November 1966 angd
31 October 1967. The manuscript was released by the author in January 1948
for publication as a technical report.

The authors acknowledge the special contributions of Jo Anne Winiecki
in the preparation of this report.

The following individuals contributed significantly to the experimental
phases of this program: B. Hellman, T. Tovrog, S. Gumushian, E. O'Hagan,
R. Gleason and G. Kroma.

This technical report has been reviewed and jis approved.

-

A anod,

R. L. ADAMCZAK ‘e

Fluid and Lub¥icant Materials Branch
Nonmetallic Materials Division

Ar Force Materials Laboratory

Gae




AFML-TR-67-133
Part 1I

ABSTRACT

Spontaneous 1ignition phenomena have been evaluated for eight
experimental hydraulic fluids. The technique of thermo-electric flame
detection has been us~J to determine the minimum spontaneous ignition
temperature for each system in air at one atmosphere pressure.
Differential thermal analysis has been employed for the study of the
thermal and oxidative degradation of two experimental lubricants in
the presence of several metal oxide catalysts. Six other lubricant
systems without added catalytic agents have been subjected to
differential thermal analysis to evaluate their resistance to thermal
and oxidative decomposition. The standard MIL-H-27601A constant
temperature thermal stability apparatus has been modified to permit
the measurement and recording of pressures developed during the course
of the test. Several materials have been evaluated by means of the
modified procedure. The chemical and physical properties of various
lubricants and hydraulic fluids have keen determined. Emphasis has
been directed but not exclusively coniined to the study of properties
which are related to the attainment of effective lubrication at
glevated temperatures.

This document is subject to special export controls and each
transmittal to foreign governments or foreign nationals may be made
only with prior approval of the Fluid and Lubricant Materials Branch,
MANL, Nonmetallic Materials Division, Air Force Materials Laboratory,
Wright-Patterson Air Force Base, OChio 45433
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1. SPONTANEQUS IGNITION OF EXPERIMENTAL HYDRAULIC FLUIDS

1.1 Introduction:

During the past reporting period the spontaneous ignition
properties of eight experimental hydraulic fluids have heen studied.
The current investigations comprise part of a larger program of study,
portions of which have been described in previous reports in this series.
The design and construction of the spontaneous ignition apparatus and
discussion of the technique of thermoelectric flame detection may be
found in Reference 2. Various applications of the apparatus and methods
described therein to a variety of experimental and operational hydraulic
fluid systems are described in References 3, 4 and 5.

It has been found useful as well as convenient to define several
terms which relate to spontaneous ignition. These have been published

previously (Reference 3) but are repeated at this point for the convenience
of the reader.

(1) The spontaneous ignition temperature (SIT) is the
lowest temperature at which hot-flame ignition is
found for a given sample volume in an ignition
chamber of specified size.

(2) For a given ignition chamber volume the lowest
(SIT) for any sample size is (SIT)S.

(3) For a givea sample size the lowest (SIT) for
any chamber volume is (SIT)V.

(4) The lowecst {S17) for any chamber volume and
sample size :s (SIT)SV.

{5) The reacticn threshold is the lowest temperature
for a given sample size and chamber volume at
which a measurable exotuermic effect can be
observed subsequent tc th~ intToduction of the
sample.




The usual term fuel/air or sample/air ratio has not been

employed in these studies because, although a measured volume of the

liquid sample may be introduced into the ignition system, it is unusual .
for complete volatilization to occur. The most common occurrences are

i the partial evaporation of the sample followed by the ignition of the ’
gaseous components or the thermal degradation of the fluid tc produce

gaseous decomposition products which then ignite if they aie exposed
to a temperature sufficiently high to cause their spontaneous combustion.
; In either case the determination of the actual volume of vapor formed
would be a fairly difficult procedure which would be of small benefit

in the overall assessment of resistance to spontaneous ignition. The
effort required to obtain fuel/air ratios under these circumstances
is not justified by the information yielded therefrom. Instead the
liquid sample volume used and the ignition chamber capacity are
recorded for éach system which has been studied.

The investigation of the spontaneous ignition properties of the
eight systems described in this report has been confined to a single
chamber size. The properties (SIT) and (SIT)s have been determined for

each sample. In addition the reaction threshold has been measured for '
one sample size in a charber of the same volume used for the other
1 determinations.
1.2 Apparatus and Procedures:
r ‘ The apparatus procedures and definitions used are the same as
those which have been described in earlier reports (References 2, 3, 4, S).

Air at 1.0 atm. pressure was the oxidizing medium in all experiments.

A one-liter borosilicata glass combustion chamber was used. The combustion
chaxter was removed and cleaned after each experimental run in which
visible deposits were observed subsequeat to the completion of combustion
reactions. This necessitated replacement of the chamber after virtually
every experimental run.

-
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Sample introduction was accomplished by means of an automatic
repeating pipet with an 18" stainless steel hypodermic needle. The
needle for all experiments had a 0.109'" O.D. with 0.085 I.D. The end
of the needle was constricted to an opening approximately 0.01G' x 0.085".
This needle has been ideantified in the experiments to follow as, '"Needle A."

All experimental runs were accomplished with an iron-constantan
element in the thermoelectric flame detectior system. In no case was
there evidence of interaction either catalytic or otherwise between the
thermocouple materials and any of the samples which wers investigated.

1.3 Experimental Results and Discu.sion:

1.3.1 MLO-64-4. See Table I and Figures 1 through 7.

Runs made with sample sizes of 0.2, 0.5 and 1.V ml., in the
1000 ml. combustion chamber were found to exhibit typical hot-flame, cool-
flame, and pre-ignition type reactions. Runs 12 and 14, Figures 1 and 2
are representative of the pre-ignition reactions. Runs 5 and 21, Figures 3
and 4, illustrate the cool-flames while Runs 2 and 26, Figures 5 and 6 show
typical hot-flame ignitions.

The minimum temperature at which hot-flame ignition may be expected
to occur is determined from the plot of observed spontaneous ignition
temperature vs. sample size shown in Figure 7. The minimum spontaneous
ignition temperature, (SIT)S, is found to be 670 deg. F. The reaction
threshold for the 0.2 ml. sample series is 423 deg. F.

1.3.2 MLO-64-5. See Table Il and Figures 8 through 12.

Ia the processes involved in the spontaneous ignition of sample
MLO-64-5 no cool-flame reactions were observed. The transition from pre-
ignition reactions to hot-flames as the temperature of tne combustion
chasber is increased apparently proceeds without the occurrence of
intermediate cool-flames. Runs 2 and 13, Figures 8 and 9 illustrate the
pre-ignition reactions. Runs 4 and 20 are typical of the observed hot-
flame ignitions.
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SAMPLE NUMBER MLO-(t-h

SPONTANEOUS IGMITION TEMPERATURE .
Needle A
1C0C ml. chanber - Iron-Constentan Thermocox_xgle .

TYPE OF REACTION
Rur  Sample 1Initial Max. Pre- Cool ot Delay, Ooservations

8ize, Temp., Rise, Isaition Flame Flame Sec.
ml,. de:, ¥, dez, F,

1 1. o70 HES X h3
% 2 576 17¢ X 22 Crange flame, explosion
3 678 53 X k3

L4 532 178 X 20 Qrange flame, explosion

> 045 367 5T X h
o & 570 173 X 15 Qranze flame, explosion
P &T6 127 X 17 Orange flame, explosion
Y o2 iz 0 X '
S 435 X ,
16 475 8 X
1 495 1 X
|12 505 a X
§ 13 540 30 X 1o
{ 14 543 31 X 135
|15 550 b, X B9
15 572 45 X 52
17 595 4G X 9?2
S 05 bs X ¢
Y w15 4 X “5
= i35 al X 4
Lzl 5 51 X a2 .

i 2 il X 29

23 SY & X 5 .
, 2 15 25 X n Qrenze lame, explosion
) 332 179 ) 14 Orarge flame, explcsion

< 2,5 rad b 13 Oranse flsme, explosion




*Z1 N

* NIVYIdNEL NOILINDI SNOANVINOGS

‘r-¥9~0TN

‘1 [NO1L

S S

b e e e e e e a4

fo e e = e

i
!

T+
J

IS

2

- uifussies sipeero

bk~

A LY B ST e -




T T T TR e ——ew

| MLO-64-4

[ _
1': % RUN £4 3
B~ r

START- 543°F

ST

sgo

FIGURE 2.

MO-64-4.

SPONTANEOUS IGXITION TEMPERATURE.

© e i s r————— i

&

RUN 14.

B e T




oo

} . 0O
s:ﬁt..:rs\  { vwnit
i ﬁ
“ 1} . ﬁ.x. - aA . ! - .
! . '
“. " m !
< .. .
' _
< 0 :
' 6 - 4 -4 - b el PR ——
P w .& ; ﬁ
| S @ o !
o !
p- 3 = h
. 4 . . “ - *4 e P e speand
! . | . w
M 096 i o?w .. obL 0
Ljn2ewrs 8)I0938 : . .. i
. 1 ) “ T _4 —
| |
: i _ . .
| w BRI
_m : ” )

RN S,

SPONTANEQUS IGNITION TEMPERATURE.

MO-64-4.

FIGURE 3.

[N




o

§ MLO-64-4
. 9 . Run2

i o

:

r—--,-—..-“. e ——

SIGRLER FigngaT

e et ————— ——— .

1300

START - 645°F.

FIGURE 4. MNLO-64-£. SPONTANEOUS IGXITIO( TEMPERATURE. WIN 21.

i
e e - —~ 4




B

MLO-€64-4

RUN 2

uTn
oy

t
|
|
!
|
s
|
|

4tarsls m'ﬂ
9qo
{ -

et

l!00 “.SECJ

hS 1

FIGURE 5. NLO-64-s.

SPONTANEOUS IGRITION TEMPERATIRE. RIN 2.

9




oL ops .ops. | ofs
uﬁeme@ﬁ ] :um”t ,u .

T

RN 26.

BRI Ry S R

W
[ J
&
R R A T TEUTOPISIpa - ll..‘vlb..l#..l‘vf.l'l.ms - .
" : v
> 2
. _ e : 3
_ ; (72 ] ! |54
: : ! &
[ m : m M =
: _ W i &
: ; : . =
| w | | &
e T e = :
B A g =
m ! . : 2
ot ; ope : f
t .:.#\Ei.-u £ wnew% _ . s

- e ..+!I b s w

I *
w amG
TN
©Z
[ B
‘ -
M.

MLO-64-4.

FIGURE €.




| | l I |
680 MLO-64-4

670

6 65—

MIN. IGNITION TEMP, °F

| I l | |

00 02 04 06 08 1.0
SAMPLE SIZE, ml.

FIGURE 7. MLO-64-4. NINIMUM SPONTANEOUS IGNITION TEMPERATURE .

1t




e ——

SAMPLE NUMBER MLO-64-5

SPONTANEQOUS ICNITION TEMPERATURE
Needle A
1000 ml. chamber - Iron-Constanten Thermocouple

TYPE OF REACTION

Initial Mex. Pre- Cool Hot Delay, Observations
Temp., Rise, Igunition Flame TFlame  Sec.
deg., F, dec. F.

431 9 X

g i3 X

455 100 X 15€ Orange flame, explosic
462 Nk X g5 Orange flame, explosic
Ls1 13 X

455 185 X 129 Orange flame, explosic
h21 X

42k X

L3C ¥

432 10 X

4h3 2 X

Lur X

450 12 X

k55 127 X 128 Orange flame, explosio
bss 155 : X 125 Qracge flame, explosio
56 &Y X 104 CGrauge flame, explosio
W76 - AT B X X (range flame, explosio
ShE 9 X

Ghg - T X

R TN U ‘ X 117 Smoke, creaje flase

12
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w

a T 1 l l !

’-

= 455~-0—0 O -0 —
g 45q— | -
- | | 1 L1

£ 00 02

o4 06 08 IO
SAMPLE SIZE, ml. |

NININUMN SPONTANEOUS IGNITION TEMPERATURE. »

17

Bt S SR 1 it




e s e o

The lowest temperature for which a hot-flame ignition mey be
oxpected is determined from Figure 12 in which spontaneous ignition
temperature is plotted as a function of sample size. It may be seen
that the spontaneous ignition temperature does not vary over the range of
sample sizes from 0.1 to 1.0 ml. The minimum spontaneous ignition
temperature, (SI‘I‘)S, is therefore 455 deg. F. The reaction threshold
for the 0.2 ml. sample series is 421 deg. F.

1.3,3  ELO-66-51. See Table III and Figures 13 through 22.

In the study of the spontaneous ignition of sample ELO-66-51
cool-flame reactions were observed only for the 0.2 and 0.5 ml. sample
sizes. In the runs made with 0.1 and 0.0S ml. of sample in the 1000 mil.
combustion chamber pre-ignition reactions were followed directly by hot-
flames. No intermediate resctions were observed. Runs 7, 30 and 36
illustrate typical hot-flame ignitions. See Figures 13, 14 and 15.

Runs 2 and 31 are typical of the ccvol-flame ignitions. See Figurcs 16

and 17. Examples of some of the more energetic pre-ignition reactions

are shomm by Rmns 22 and 25, Figures 18 and 19. The transition from
cool-flame to hot-flame is especiall’ gradual in the case of the 0.05 ml.
sample series. In some cases the time-tomperature plots possess properties
compon to both flamse classes. These runs have been designated by "?" in
Table III and have been included under the general classification of cool-
flawses. Runs 3 and S, Figures 20 and 21 illustrate this phenomenon.

Figure 22 is a plot of observed spontaneous ignition temperature
against sample size. The minimum spontaneous ignition temperature, (SIT) s
decernined from thst plot is 1002 deg. F. The reaction threshold for the
0.2 ml. sample series is 833 deg. F.

1.5.4 ElD-67-15. See Table 1V and Fi}zns 3 thrgujh 29.

In thres experimental series using 0.2, 0.5 and 1.0 al. of sample
both cool- aad hot-flame reactions wrre detected. In the 0.2 ml. series
runs were sade at tesperatures low enough to delineate the temperature
range wvithin which pre-ignition resactions nay be expected. The ignition
phenomena odserved for this sample are quite typical. No unusual features
were noted during the study of its self-ignition properties. Runs 1S and 16,
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SAMPLE NUMBER ELO-66-51

F SPONTAINBOUB IGKITION TEMPERATURE
” i Needle A
' 1000 ml. chamber - Iron-Coustartsn Thermocouple

TYPE OF REACTION

Run Semple Initial Max. Pre- OCool Hot Delay, Observations
Size, Temp., Rise, Ignition Flame Flame Sec.

.1. % F. ;2;50 F.

1 0.5 10C1 36 X 16 Smoke

2 1007 37 X 17

3 1015 47 X1 17 Smoke

L 1C20 55 X 1 Smoke

5 1025 LS X? n Smoke

6 1030 3 X? S Seoke
| 1045 56 X 10 Swore
. & 0.2 W47 0 X

9 570 v X

10 584 0 X

11 933 0 X

12 544 < ¢

13 54 o) X

1k 472 ¢ X

15 135 ¢ X

1¢ T 4] X

17 °33 C X

17 237 2 X

1¢ 4.1 2 X

x e X

21 76 5 X

22 €y < X

23 15 s X

24 s 1n X

19




PR

Run Sempls Initial Max. Pre-

SAMPL® NUMBER ELO-56-51

SPOYTANEOUS IGNITION TEMPERATURE
Needle A
1000 ml. chember - Iron-Constastan Thermoccuple

TYPE OF REACTTION

Cool Hot Delay, (bservations
fize, Temp., Rise, Imition Flame Flame Sec.

uo 2‘. r. “ﬁL"

(9

€

e RErTEREE3NNYRR

NG

0.2 gre 22 X
1000 n X 9
1003 72 X 3 Smoke
1008 63 X 2 Smoke
1616 60 X 7 Seoke
1022 105 X 5 Smoke
101 39 X 9 Smoke
1052 LY X L Sacke
C.} %7 8 X
1001 9 X
1002 55 X 5 Seoke
1005 55 X S Soke
C.05 1005 15 X
1263 T X
115 T X v Smoke

indicetes resction viich bas toth cocl-flame and hot-{leme charscteristics,

L et A A, AT W N . o
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SACLE FMBER RLO-67-16

TITE 1Y

SPONTANECUS IGNITION TEMPERATUKE
Needle A
1000 ml. chasber - iroan-Constantan Thermocouple

TYPE OF RRACTION

Run  Seample Initial Iex. Fre- Cood Bot Delsy, Observatiocos
Size, Tomp ., Rise, Ignition NMamse Flame
al. deg. F. deg. T.
1 1.0 650 ks X 32 Smoke
2 657 33 20 Orange (lame, explosion
3 663 Lh ) 4 b2 9oke
L 0.5 595 37 X W7
5 601 i3 X kS
6 éa 36 X b3
7 6hC ¥» X 39
8 64y k3 X 317 TR
9 650 395 1k Oren '~ flame, sxplosiou
10 65 19C 19 Qrang- flase, explosiw
11 0.2 413 ] X
12 435 2
13 460 ‘. X
1k 435 7 X
15 ST 10 X
16 528 1% X
17 ST 35 X T2
18 93 3 X o7
19 9% 32 X 55
P. ¥ 61% % ol

3
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- TARLE IV-CONTTI'UED

E SAMPLE FMBER ELO-67-16

SPONTANROUS IGNITION TEMPERATURE
Noodls A
1000 ml, chamber - Iron-Coostsctsn Thermocouple

TYPE (F REACTION

Run Sesple Initial Ibx. Pre- Cool Hot Delay, Observations
Sise, Temp., Rise, Ignition Flame Flame Sec.

ml,  deg. F. deg. T.

21 0.2 632 38 X
2R 6kl bl X 42
2 651 66 X L) Seoke
b 657 4] X )
} i) 662 243 X 11 Qrange flame
\ 26 665 261 X 12 Qrepge flame .
7 667 101 X 12 Qrange fleme
29 676 91 X 8 Qrange f.ame
29 695 61 X 3 Qronge flame

n

it S
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Figures 23 and 24, illustrate the pre-ignition reactions: Runs 8 and 23,
Figures 25 and 26, the cool-flames; and Runs 25 and 28, Figures 27 and 28,
the hot~flames.

The minimum spontaneous ignition temperature, (SIT)S, determined
from Figure 29 is 650 deg. F. The reaction threshold for the 0.2 ml. )

sample series s 413 deg. F.

1.3.5 ELO-66-109. See Table V and Figures 30 through 36.

In the study of the spontaneous ignition of sample ELO-66-109
pre~ignition, cool-flame and hot-~flame reactions were observed for all
sample sizes which were investigated. Pre-ignition reactions are
illustrated by Run 5, Figure 30, and kun 15, Figure 31. Typical cool-
flame ignitions are shown by Run 1§, Figure 32, and Run 22, Figure 33;
hot-flame ignitions, by Run 21, Figure 34, and Run 24, Figure 35.

Figure 36 is a plot of observed spontaneous ignition temperature
against sample size. The minimum spontaneous ignition temperature, (SIT)S,
determined from that plot is 650 deg. F. The reaction threshold for the

0.2 ml. sample series is 451 ceg. F.

1.3.6 ELO-67-23, See Table VI and Figures 37 throggh 44, .

In the processes involved in the spontaneous ignition of sample
ELO-67-23 typical hot-flame and pre-ignition reactions were observed.
Runs ¢ and 18, Figures 37 and 38, are representative of these hot-flame
ignitions. In some cases more complex hot-flame ignitions occur. This
kind of reaction is distinguished by the series of sharp, intense peaks

which are produced by the multiple ignitions which occur. Runs 8 and 16,

Figures 39 and 40, are illustrative. Typical pre-ignition reactions
occur in Runs S5 and 13 -- See Figures 41 and 42. Some reactions resemt 'ing
cool-flame ignitions are evident at the higher temperatures studied for

the 0.2 ml. sample series. Run 20, Figure 43, is illustrative.

Observed spontaneous ignition temperatures are plotted against
sample size in Figure 44. The minimum spontaneous ignition temperature,
(SIT)S, determined from that plet is 471 deg. F. The reaction threshold

for the 0.2 ml. series is 420 deg. F.

I 40




TABLE V

SANPLE NMBER ELO-66-109

SPONTANEOUB IGNITION TRMPERATURE
Noedle A

1000 ml. chamber - Iron-Constantan Thersocouple

Ran Sample Initial Max, Fre- Cool Hot Delay, Observations
Size, Pep., Rise, Ignition TFlame Flame SBec.
al, dog. ¥. deg. Y.
1 0.2 k51 1l X .-
2 465 b X .-
3 522 10 X .-
4 5h2 1k X -
5 559 17 X -
6 580 3 X 5
7T 60k 29 X L8
8 617 %6 X 50
9 643 A X 39
10 645 30 X B
n 650 33 ¢ 53
12 656 179 ) ¢ b Qrange flsme,
explosion
13 656 198 X 6 Qrange flams,
exploaion
i 0. ko5 10 X -
15 532 n X -
16 569 2% X --
17 610 7 X 3B
18 645 30 X 3
19 650 156 ) ¢ L Qrange " ame
& 655 10 X 5 Qrenge flame
. a2 660 175 X 1 Orange lsme
2 C.05 650 7 X 36
23 652 2N X 37
2L 657 129 X 5 Orange flame
41
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TABLE VI

SAMPLE NUMBER ELO-67-23

SPONTANEOUS IGNITION TEMPERATURE
Needle A
1000 ml. chsmber - Ircn-Constantan Thermocouple

TYPE OF REACTION

Semple Initial r~ax. Pre- Cool Hot Delay, Observations
Bize, Temp. , Rise, Ignition Flame Flame Sec.

ml, deg. F, deg. F.

1.0 k75 10 X - Smoke
482 100 X 220 Heavy explosion,
orange flame
0.5 425 1l X -
456 L X -
h65 15 X -
n 80 X 203 Heavy explosion,
orange flame
476 ™ X 196 Beavy explosion,
: orange flare
kol 25 X 133 Heavy explosion,
orange flame
0.2 420 0 X e
k25 5 X --
433 6 X -
Lh2 8 X -
455 T X -
k62 7 X -
L68 1k X -
Wk 228 X 138 Heavy explosion,
saoke
488 204 X 78 Beavy explosion,
saoke
519 198 X 51 Heavy explosion,
amoke
520 26 X -
567 ko X 55
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1.3.7 ELO-67-49. See Table VII and Eigpres 45 throggh 60.

At temperatures below 500 deg. F. the spontaneous ignition of
the sample apparently proceeds without complication., Roth pre-ignition ’
and hot-flame ignitions occur. In some cases the hot-flame ignitions
lcad to the formution of multiple peaks in the time-temperature record. '
In other cases single sharp peaks are observed alone or followed by
broad peaks duz to slow oxidation. The occurrence of multiple igaitions
with the larger sample sizes is observed at temperatures just above the
transition point from pre-ignition reactions to hot-flame ignitions.
The following runs are illustrative of the various hot-flames observed.
Simple hot-flame ignition, Run 24 and 38, Figures 45 and 46; simple hot-
flame followed by slow oxidation, Run 13 and 14, Figures 47 and 48;
multiple hot-flame, Run 10 and 25, Figures 49 and 50. Characteristic
pre-ignition reactions are found at lower temperatn:ss. Runs 7 and 22,

Figures 51 and 52 are reprecentative,

The pattern cf ignitior urderygoes an unexpected change as the
temperature of the ignition chamber is increased. After a transitional
region of pseudo-hot-flame ignicions wh.ch are observed for the 0.2 and
0.1 mi. sample sizes (See Runs 16 and 33, Figures 53 and 54) and '
energetic-pre-ignition reactions which are observed for the 0.05 ml.
series (See Run 39, Figure 55) rather typical cool-flame ignitions are
found. Runs 17 and 41, Figures 56 and 57, are gnodl examples. At higher
temperatures hot-flames again appear. See Runs 19 and 34, Figures 58 and
59. The exact cause of this behavior cannot be determined from the
available data. However, the phenomenon is consistent with the supposition
that the sample und=z>gocs cdecomposition or chemical rearrangement at
temperatures avove 5J0 Jeg. F. .o produce a changed material which is

somewhat less flammable than the original,

The minimum temperatures required to produce hot-flame ignitions
of both classifications are plotted against sample sizes in Figure 60.
The minimum spentaneous ignition temperature (SIT)S is gaken tc be the *
minimum point in the lower of the twc curves shown in that Figure. It is
466 deg. F. The minimum temperature required to produce the reactior
represented by the upper curve is 608 deg. F. The reaction threshold for

the 0.2 ml. sample series is 415 deg. F.
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TARELE VII

SAMPLE NUMBER ELO-67-49

SPONTANEOUS IGNITION TEMPERATURE
Needle A
1000 ml. chamber - Irc=-Conrtantan Thermocouple

TYPE OF REACTION

Run Sample Initial Max, Pre- Cool Hot Delay, Oobservations
Size, Temp., Ris>, Igrition Fleme Flame Sec.
ml. deg. Fo deg., F.

1l 0.2 415 1 X -

2 418 3 X -

3 420 b X --

L4 L2k L X .-

5 431 4 X --

6 Lh5 T X -

T k57 13 X --

8 470 186 X 125 Explosion

9 479 197 X 8 Orange flame

10 L82 189 X 59 Orange fleme, explosion
11 L8g 1 X 31 Orange flame, explosion
12 495 180 X 30 Orange flame, explosion
13 509 166 X 20 Orange flame

14 525 170 X T Qrange flame

15 535 153 X > Crange flame

16 545 15 (*) 1, 26  omoke

17 567 58 X 43
18 604 68 X 32
19 610 390 p’ Orange flame, explosion
20 618 252 X 4 Qrange flame
21 624 238 X L Orange fleme




TARTLE VTT-CONTINU=D

SAMPLE NUMBER ELO-67-49

SPONTANECUS IGNITION TEMPERATURE
Needle A
1000 ml. chamber - Iron-Constantan Ihemocouy_lﬁ

TYPE OF REACTION

Sample Initial Max, Pre- Cool Hot Delay, Observations
Size, Temp., Rise, Tgnition Flame F .me Sec.
m., aege Fo deg. F,
0.l 459 17 X -
465 11 X -
466 227 X 169 Qrange flame
472 96 X g1 Orange flame
ko1 2 X -
525 36 X 110
235 kg X Sk
250 29 X 48
565 60 X 50
578 58 X 4o
595 80 (x) 39
605 70 {x) 6, 36
608 25k X 5 Qrange flame, explosion
615 210 X 4 Orange fleme, explosion
619 236 X 5 Orange flame, explosion
valS 455 12 X --
b2 88 X 68 Orange flame
999 10 X! S
oGT 13 X!
61k 66 X 43
020 146 X 3 Qrange flame
(Xx) Indicates transitional reection with appsrent cocl-flame and hot-fleme
characteristics,

~4  lndicates energetic pre-ignition raa%tion.
6
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1.3.8 ELG-67-55. See Table VIII and Figures 6! through 67.

Experiments made with sample sizes of 0.1, 0.2, 0.5 and 1.0 ml.
in a 1000 ml. combustion chamber indicate the ignition of sample ELO-67-55
proceeds directly from the pre-ignitica stage to hot-flames. No cool-
flame ignitions were observed in any instance. Both pre-ignition and hot-
flame reactions were found to be typical. No complications were obsarved.
Runs 7, 31 and 42, Figures 61, 62 and 63, arc illustrative of the pre-
ignition reactions. Runs 11, 36 and 47, Figures 64, 65 and 66, are examples
of the hot-flame ignitions.

The minimm spontaneous ignition temperature of the sample,
(SIT)‘, was found to be 730 deg. F. See Figure 67. The reaction
threshold for the 0.2 ml. sample series was 520 deg. F.

1.4 Summary :

The results of the evaluations of the spontaneous ignition

properties of the eight samples studied in the current reporting period
ars suwr-~ zed in Table IX. The minimum spontanecus ignition temperatures
found varied from 455° to i005 deg. F. Hot-flame reactions were observed
in every case. The reaction thresholds vanged from 415° to 833 deg. F.

2. DIFFEPENTIAL THERMAL ANALYSIS

2.1 Introduction:

The use of differential thermal analysis (DTA) for the investigation
of the processes involved in the therms! and oxidative degradation of organic
fiuid systems including experimental lubricants and hydraulic fluid systems

has been discussed previously. (Refercaces i, 2, 3, 4, 5). The ¢”"'cts of

~metallic and non metallic catalysts on the decomposition of such systems have

al3c been described (References 4, 5j. In the present work the effects of
several metal oxide catulysts on the decomposition of two samples have been
studied in both nitrogen and air atmospheres. In addition, the thermal and
oxidative degradsticn of six other samples have been investigated.
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TAELE VIII

MPLE IPDFR ELO-UT-59

CPONTAL-OU; ISITITTON TEMPERATURE
A Needle A
IA( ml. chogber - Iron-Constentan Thermocouple

TYFE OF RE.CTIO"

Run  Sumple Jndtisl  x.  Pre- Cool  Hot  Deley, - srvations
: Size, Temp.. - kise, = Ignition Flame Flime Sec.
. AL, g, F. des. F, .
1 1.0 - 777 5 X
? TR e X 25 Orsnge flame, explosion
3 70 175 , X ~1 Orange flame, explosico
b Ca9 | S » -
: oL . X
5 STy i e X 115 Qrange {lsme, explosion
7 T R | |
8 Tul - O ¥ 5% Orsnge flome, explosicc
z IS LT X ol Iricge flame, explostion
1< T 3" X 37 Qronge flsze, explosion
11 7 e X ~7 Orange flsne, explosion
; ) VR 5. y
13 . X -
1 7 . Cx
e . X
P < S
R bd X
Ah .
! y v
T M X
“3 . X
. 1 Cx -
1 B x
<k '1" - \ -
: ; X ,
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i e A e

TE1E V117 -COITIMUED

SAMPLE NUMBRR ELO-17-35

. SPORTANEOLE 1SNITION "RIPERATIRE
Yredle A
1000 ol. choswer - Ircn-Constsat n Thermocouple

TYPE OF REACTI !

®un Sample [aitisl  Mux. Poe- Ceol Hot Deliy, O.servatiopns
Size, Texr., Nise, I,pition Flame Fluze  Sec.

ml. de,. F. de-. F.

25 0.2 613
7 750 1
o3 T L
2% T¢5 13
KPR 7 :

Y

oM M M X X

-
32 155 eC X Ac Orange flome, explosicon
34 50 * X . Orap e Tlame, explo.ioa
o3 1.5 » X v G e Jliwe, o loiua
723 327 X P
3T o3 7z 1 *
o 1. ¥
) Ta £
B (oS
Y Tyl ¥
i Tiz ¥
“ e .
g +3 I 5 ¥
3 -
3 M ¥
] i ;
3 .
$ [ '
12 X .3 ST DL
3 - ?
E 13E X 1: Tvia e R
£ o3l 2ol c0ald not o detrinminelr LeT i.t recorids ¢
3




TABLE 1X

SPONTANEQUS IGNITION SUMMARY

SAMPLE NUMBER REACTION THRESHOLD, DEG. F. MINIMUM SPONTANEOUS IGNITION
TEMPERATURE (SIT),, DEG. F.

1000 ml. chamber
MLO-64-4 423 670

MLU-64-5 bzl L55
ELO-66-51 833 1002
ELO0-66-109 L51 650
ELO-67-16 413 650
ELO.7-23 420 4T

ELO—':T-‘:‘_', 18 "e\:;i', -9
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2.2 Apparatus and Procedure:

R o Sancy

The apparatus and procedures used in these studies are the same
as those which have been described in detail in the previous reports in .
this series. (References 1, 2, 3, 4, 5). The matched thermocouple
assemblies and temperature programming system are those illustrated in
Reference 4.

Borosilicate glass microbeads (170-230 mesh) have been used as
the DTA reference standard. The microbeads have, in addition, been
added to the sample side of the DTA cell in order to equalize the heat
capacities and the thermal conductivities of the sample and reference
sides., Instrumental blanks which illustrate the net thermal balance of
the several different measuring thermocouples and the DTA system itself
are shown in Figures 68, 69, 70, 71, 72 and 95. For measurements in which
catalytic agents have been used DTA reference blanks of mixtures containing
10% by weight of each catalyst with borosilicate glass microbeads have
also been run. (cf. Figures 73, 74, 83 and 84 which appear in Sections
2.3.1.1 and 2.3.1.4) Similar mixtures of 10% caialyst with microbeads
have been sdded to various samples to study the effects of the catalysts
on the degradation of the samples.

The data obtained in these studies are described and interpreted
in the following text. A comment is required with regard to those
experiments which involve potential catalysis. Many effects which have
been attributed to the action of added substances have been categorized
under the generic tera 'catalysis”. True catalysis may or aay hot be
involved. For example, it may be that in some cases an cffect may be
the resuit of a corrosion-like process leading to the formation of complex
or higher oxides from the simpie oxides initially employed. UDTA alone does
not distinguish between such icactions and purely catalytic interactions in

the accepted sense of the word.

[n the thermograms presented on the feolluwing pages the ordinate
represents temperature Jdifference in microvelts 3s measured by iron-
constantan thermucouples. An arrow in the key to each thermograc indicates
the cndotheraic direction of each ordinate. The length of the arrowxs

supplies the woltage scale to be applied to the ordinate. In order to
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convert temperature differences reasured in microvolts to degrees Fahrenheit

it is necessary to consult the appropriate conversion tables. No constant
factor can be used since the voltage response of the theramocouples is not

the same at various temperatures but varies from pcint to point over the

range of temperatures encountered during a DTA run. Temperature measured
in degrees Fshrenheit is recorded on the abscissa. The scale is nearly

; linear. Small departures from linearity may occur from time to time.
These reflect the.fact that, in some instances, the temperature of the

interior of the DTA cell does not always track exactly the linear program
called for by the temperature programming control system.

In the lower left-hand corner of each thermogram may be found a
notation which identifies the thermocouplc-pair used for the measurements
displayed thereon. Where applicable the use of baseline compensation is
also noted in the same location. Comparison of sample thermograms tc the

appropriate instrumental and reference blanks is thus facilitated.

2.3 Experimental Data:

2.3.1 Thermal and Oxidative dJegradation in the presence of metal

oxide catalysts.

The application of DTA to the study of lubricant systems in the
presence of various metal catalysts has been discussed in detail in an
i earlier report [Reference 5). In that work DTA was empléyed for the
investigation of the .hermal decomposition and oxidation of twc samples,
MLC~64-8 and ELC-65-48, in the presence of fifteen different metals and
several types of activated and unactivated carbon and molecular sieve.
The effects due to the presence of these various substances were clearly
demonstrated by DTA. Several of these materials, notably the activated
, carbons, were found tu exert profound catalytic influences upon the
f degradation of the samplses.

In the course of the preceeding experiments it was noted that

sone of the metals did not behave as expected umder DTA in the presence
of the samples. Of particular importance were the findings that copper
was inactive in the presence of ELO-65-48 and that titaniim had little

influence on the decomposition of MLN-64-8 in air. Since these findin-s
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were somewhat at odds with data obtained from oxidation and corrosion
testing {Reference 6), it was felt that additional studies were needed

to elucidate the roles played by these metals in the thermal and oxidative
degradation of the two lubricant systems. In the earlier studies the
metals used for catalysts were al. reagent grade powders. Since in
practice such powders are often coated with a layer of their oxides, it
was decided to determine whether the various metal oxides might be more
active with respect to the samples than thc pure metals themselves. In
the present study thermograms of mixtures of MLO-64-8 and of ELO-65-48
with oxides of iron, titanium and copper have been run and the results
compared with those previously obtained for mixtures with the corresponding
pure metals. Reagent grade oxides have been used for all determinations.
In the case of cuprous oxide a stablizer is customarily present even in
the reagent grade chemical to prevent oridation to the cupric oxide. This

agent was removed rrior to the use of cuprous oxide in these studies.

2.3.1.1 Blank. Pyrex Microbeads plus Metal Oxide Catalysts.
Nitrogen Atmosphere. Themmocouple Pair T-7.
9.2°F./Min. Scan Rate. See Figures 73 and 74.

Thermograms run for mixtures of pyrex microbeads plus iron,
titanium and copper oxides were found to contain no important features

not contained in blank runs made for the thermocouple pair used.

2.3.1.2 MLO-64-8. Pyrex Microbeads plus Metal Oxide Catalysts.
Nitrogen Atmosphere. Thermocouple Pair T-7.
9.2°F./Min. Scan Rate. See Figures 75, 76, 77 and 78 and Table X.

The run made with pure iron catalyst indicated a moderate degree
of activity of iron with respect to the sampie. The thermogram displays
only a relatively small amount of exothermic reactivity above and bevond
that seen in the thermogram of the pure sample. In comparison the thermogram
run for iron oxide 1S completely different. The familjar twin decomposition
peaks of the pure sample are no longer present and in their place is a single
large exotherm occurring at a wmuch lower temperature. A similar phenomenon’
is observed in the thermograms of mixtures of the sample with cuprous oxide

and pure copper. Cupric oxide, on the other hand, appears o be essentially
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TABLE X -

DIFFERENTIAL THERMAL ANALYSIS: MLO-64-8 PLUS
METAL OXIDE CATALYSTS IN NITROGEN ATMOSPHERE
(5.1 ATM. TOTAL FRESSURE) :

% CATALYST FIGURE ENDCTHERMS EXOTHERMS,
l ) DEG, F.* ' DEG. F.*
| No Catalyst - 75 ' 917 964! 995!
' Iroa Oxide 6 800 938:: 958
| (Fe203)
' fron 78 208 923 968! 990!
oo .
"~ Titanium Dioxide 76 . 86h4} 925! 96811
- (T10,)
Mtenium 8 595 (810) 893 965: 993! 101k .
3 Euprous Oxide 77 80¢C 857 95511 ‘
i Cuao)
i
| lupric Oride 7 964! 98l
I [20)
spper 78 894 967! 937!

Those thermal effects which may be attributed solely to the reactions
cf the catalysts have not been included in this tabulation.

Key to symbols:
( ) weak thermsl effect

1 !  strong thermal effect
!' ! very strong thermal effect
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inactive; its mixtures lead to thermograms which are essentially identical
with those obtained for the sample alone. Titanium dioxide appears much

more active under the nitrogen atmosphere than does metallic titanium itself.
The principal effect produced by pure titanium was the enhancement of the
decomposition of sample residues left aftex the initial decomposition. In
that case a pair of exothermic peaks at 965 and 993 deg. F. were followed

by an extremely intense exotherm at 1014 deg. F. In the case of titanium
dioxide a different situation is found. The characteristic pair of exotherms
is absent and a single strong exotherm at 968 deg. F. is preceded by a broad

thermal decomposition peak which occurs after 864 deg. F.

2.3.1.3 ELO-65-48. Pyrex Microbeads plus Metal Oxide Catalysts.
Nitrogen Atmosphazre. Thermocouple Pair T-7.
9.2°F./Min. Scan Rate. See Figures 79, 80, 81 and 82 and Table XI.

The thermogram for pure EL0O-65-48 exhibits a stron~ -oiling endotherm
with a peak at 852 deg. F. A similar feature appears in the thermograms run
with added iron, copper and titanium powders. It occurs at virtually the
same temperature in each case. The endotherm in the thermogram for the iron
rixture is a single peak like that for the pure sample; those for the copper
and titanium mixtures are slightly split at the maximum. Only in the case
of titanium is any decomposition evident. There it is seen mainly as a
roughness which appears in the thermogram at temperatures above the boiling
point of the sample. While the metals themselves seem to have only a small
effect on the decomposition of the sample under nitrogen, inspection of
Figures 80 and 81 reveals that a different situation prevails with respect
to the oxide mixtures. In the presence of iron oxide a pronounced boiling
endotherm is present; however, its maximum occurs at a temperature much lower
than that of the boiling endotherm for the pure sample. The truncated
appearance of the peak suggests that a strong exothermic reaction, presumably
decomposition, also occurs at temperatures well below the boiling point. A
like phenomenon is seen in the run made for titanium dioxide where the boiling
peak has virtually heen cancelled by the heat effect due to the simultaneous
decomposition. Small boiling endotherms are observed for mixtures with cuprous
and cupric oxide. These are displaced toward lower temperatures and reduced
in magnitude as a result of decomposition. Cupric oxide seems less active in

this regard than iron oxide, cuprous oxide or titanium dioxide.
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TAELE XI

DPIFFERENTIAL THERMAL ANALYSIS: ELI-65-42 PLUS
METAI, OXIDE CATALYSTS Iil "II"POCEN ATMOSPHERE
(5.1 ATM. TOTAL PRESSURE,

CATALYST FIRURE DOTHERMS ,
DIG, F.*

EXOTHERMS,

DEC .

*

s Utalyst .9 623 521

Iren t4ide ! iy 2!
( rl\r‘)-))
-
ERY
iren Ol
“itanium Dicxide . 233 WLy

(i 0, )

(20

T tanivre 2 ACL 2301 343

Currous Oxide 2 (°33)
(™,0)

Curri- Oxide : cho

(r.0)

L1 e v ol m531

¥ Those thermal eUtects which may be otnrinted selely Lo the resction:
Cothe cnnaioate have ool 20 included 1y toig cLatiod.

L9 - ¥ T
key t(_‘ S'y"""Dl S8

() wea ermal offect

: stror ; thermal eifect
HH very stron: tnermal ellect
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2.3.1.4 Blank. ~/yrex Microbeads plus Metal Oxide Catalysts.
Air Atmosphere. Thermocouple Pair T-7.
9.2°F./Min. Scan Rate. See Figures 83 and 84.

The thermograms of four meta! oxide-micrcbead mixtures run in air
are essentially the same as those determined for the same oxides under
nitrogen. There is, however, one exception: In the thermogram for cupric
oxide a small, sharp exotherm occurs at 414 deg. F. in an air atmosphere.

A like effect is not observed under nitrogen. The blank run for iron oxide
was terminated at approximately 840 deg. F. by a thermocouple failure. The
broken line in Figure 83 is an approximation of what the rcmainder of the

thermogram would be had it been run.

2.3.1.5 MLO-64-8. Pyrex Microbeads plus Metal Oxide Catalysts.
Air Atmosphere. Thermocouple Pair T-7.
9.2°F./Min. Scan Rate. See Figures 85, 86, 87 and 88 and Tabie XII.

In air iron powder was found to affect mainly the decomposition
of residues left after the initial breakdown of the sample. Iron oxide (Fezos)
is more active. The thermogram obtained in air is different frum that for
either the pure sample or the mixture of the samrle with iron powder. In
general the pattern of decowposition in the presence of iron oxide in air is
similar to that found previcusly for the same system under u hitrogen
ipaniar mezal sxhibitad onty slight catalvtio avtion tewards
MLO-04-% in air. The oxide, in contrast, produces zevere degradation ia fhe
sampie and ils residues at teamparatures well below those at which decowposition
had previously been detected. Both oxides of copper also exhibit increased
activity in air over that found in nitrogen. Cuprous oxide increases
decomposition of sample residues at about 1000 deg. F. in addition to the
enhancement of the earlier decomposition-an affect which was also observed
in nitrogen. In the nitrogen atmosphere cupric oxide seemed fairly inert.
In air its activity parallels that of cuprous oxide. That is, the
decomposition exotherm appearing at szbhout 960 deg. F. is gieatly intensified
and & new exotherm at 979 deg. ¥. is produced. Although these occur at
temperatures approximately the same as thoyse at which cxotherms were also

observed for the pure sample and for mixt.ures of the <ample with copper,
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TABLE X1I

DIFFERENTIAL THERMAL ANALYSIS: MLO-GL-" PLUS
METAL OXIDE CATALYSTS IN AIR ATMOSPHERE
(5.1 ATM. TOTAL PRESSURE)

CATALYST FIGURE EXOT{ERMS, DEG. F.*
¢ Catalyst 35 308 wli 902!
Iren Oxide A (782} 27C b3 9SO
(Fe,0,)
273

Iron Al 42 900! a7 Gt
Ticaniwa Dioxide o, a59) 2108 )5hIe 16022 !
(50,)

| Titanium ae (765) °a7 9561 a9t (1¢50)
Cuprous Oxide 7 (%13) 24¢ coCt! g5t
(04,0)
Moprdie Oxide o (7 2) 1 it
(::0)
e ep 4 gH 1 38 ALl

i

»

¥ Those thermal eff=cts which nr pe attributed solely to the reactions
of the catalysts have not been incluaed in this tsbulation.

A o . o W

Ney to symbols:

( ) weak thernel eilect
! strong thermal efrect

1 ver, .tron, thermul el*ect
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their configuration and relative intensities suggest that they are the result
of different reactions rather tihan the same reactions in which thermal effects
are amplified by the adsorption-retention effect observed for molecular sieve

and some non-activated carbcn powders.

2.3.1.6 ELO-65-48. Pyrex Microbeads plus Metal Oxide Catalysts.
Air Atrosphere. Thermocouple Pair T-7.
9.2°F,/Min. Scan Rate. See Figures 85, 89, 90 and 91 and Table XIII.

Each of the metal oxide catalysts studied exhibits considerable
activity with respect to ELO-65-48 in ajr atmosphere. In nitrogen the
decomposition of the sample was aifected to an cxtent such that the prominent
boiling endotherm was weakened considerably by the simultaneous occurrence of
an exothermic decomposition. In air the same phenomenon occurs to a greater
degree. Only in the run made with added iron oxide does any evidence whatever
of the boiling endotherm remain. Decomposition of residues left at temperatures
above that of the absent or reduced boiling endotherm is especially noticeable
in each case. Similar exotherms appear alsc in the thermograms €for miitures
of the sample with pure iron and titanium but are absent from the thermogram

for the copp2r mixture.
2.3.2 Comparison of DTA and Oxidative-Corrosion Studies.

Examination of the data in Section 2.3.] reveals that the effects of
metal oxides on both the thermal and cxidative decomposition of samples
MLO-64-8 and EL{U-65-48 are very different from those produced by the
corresponding metals. In general the oxides appear to be much more active
with respect to the enhancement of existing deocomposition processes and with
respect to the optning of new pathways by which the degradation process may
occur. The systems comprising MLO-64-8 in admixture with titanium and titanium
dioxide in both air and nitrogen are especially noteworthy examples of this

phenomenon.

Since under the conditions of differential thermal analysis titanium
metal was found to be relatively inactive by coumparison with its oxide the
following experiments were conducted in order to determine whether a similar

situation xisted under the conditions cf the corrosion and oxidation test.




TAELE XI11

DIFFERENTIAL THERMAL ANALYSIS: ELO-65-48 PLUS
METAL OXIDE CATALYST3 IN AIR ATMOSPHERE
(5.1 ATM. TOTAL PRESSURE)

CATALYST FIGURE ENDOTHERMS, DEG. F.* E{OTHERMS, DEG. F.*
‘No Catalyst 85 670 837! A70
. Iron Oxide 89 T75 809 85k ok 10814
(Fe203)
| Iren 91 (664) 721  83b:  Bu2L 902 103448
’*Titanium Dioxide 89 (832) 853 389 10008¢ 10074
(Tiog)
Titanium o 831! 964 9Th1s
Cuprous Oxide g0 609 8g2 985
(Cu,0)
Cupric Oxide oL €56 298 977
(cu0)
Copper Lo 721 A32! =428 862

* Those thermal e:fects which may be attributed sclely to the reactions
07 the cateslysts have nct been included in this tabulation.

Key tc symrbols:

{ ) wee: thermal effect

! ctrorns thermal effect

very strong thermal effect
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Standard micro corrosion and oxidation tests were run in duplicate on
MLO-64-8 using two different titanium alloys. Upcn completion of the
above evaluations the exposed oils were analyzed in the prescribed manner
and the alloy specimens weighed. Each alloy specimen was then placed
without additional polishing into a fresh portion of the test oil and
exposed again under the conditions of the micro corrosion-oxidation

test. The data obtained from these experiments are given in Tables XIV
and XV. Duplicate runs using the standard procedure are shown under the
column headed '"Polished Specimen'; the second series of measurements are
found under the heading, ''Pre-exposed Specimen".

It is clear that somewhat different corrosion and oxidation results
are obtained depending on the mode of preparation of the alloy test piece.
However , because cf the disastrous nature of the decomposition of MLO-64-8
in the presence of either of the two alloys used, it is felt that the
available data do not permit any distinctior to be made between the stability
of the fluid in the presence of a freshly polished titanium alloy test pieces
and the stability in tbe presence of alloy test pieces subjected to the
corrosive actioa of the fluid before the test exposurc. Probably the test
pieces corrode so rapidly in the presence of the sample that in either case
the net effect of the specimen on the bulk or the bulk oil sample is nearly

the same as that found for the pre-exposed test pieces.

Similar corrosion and oxidation studies with copper, iron, steel or
pure titanium specimens might prove to be more enlightening than the above
measurements have been. Such studies could not be performed during the
present reporting period due to shortage of the test fluid. It is -xpected

that further investigations of this nature wiil be included in future work.

2.7.3 Experimental Lubricants:

2.3.3.1 ELO-67-13. Nitrogen Atmosphere. Thermocouple Pair T-10-

compensated. 9.2°F./Min. Scan Rate. See Figure 92,

The thermeograms of the sample were run under nitrogen at 1.0 and
5.1 atm. total pressurc. Virtually identical results were obtained at each
pressure. The main features of each thermogram are strongly exothermic. A

very strong excotherm is found at 357 to 358 deg. F. A second, exotherm
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which occurs at a slightly higher temperature 410° to 412 deg. F. = is
weaker than the first, but must still be classified as a very strong effect.
At 1.0 atm. a weak exotherm is seen at 299 deg. F. as well. Apparent thermal
effects which occur after the main exotherms have not been classified because
the degradation of the sample at lower temperatures seems to have been so
complete that any such evaluation would be meaningless. On the basis of the
DTA data it .aust be concluded that the sample is highly unstable even in an

inert atmesphere.

2.3.3.2 ELO-67-13. Air Atmosphere. Thermocouple Pair T-11 and T-1l~
compensated. 9.2°F./Min. Scan Rate. See Figures 93, 94 and 95.

The thermograms of the sample were run in an air atmosphere under
total pressures of 1.0, 5.1 and 50.0 atm. The data obtained at all pressures
are substantially identical and, indeed, are the same as those obtained for
the runs made under nitrogen. A very strong exotherm in the region 353° to
370 deg. F. is followed by a weaker but still prominent effect at 409° to
412 deg. F. These data are shown in Figures 93 and 94. For ease in
reference the instrumental blank for the 50.0 atm. run is shown in Figure 95.
The stability of the sample in air is completely comparable to that observed

under nitrogen.

2.3.3.3 ELA-67-32. Nitrogen Atmosphere. Thermocouple Pair T-10-
compensated. 9.2°F./Min. Scan Rate. See Figure 96.

At 1 0 atm. sharp, iantense endotherms are observed at 288° and
417 deg. F. A broad endotherm between 827° and 938 deg. F. with peak at
898 deg. F. is also seen. At 5.1 atm. the only significant feature is the
intense endotherm at 297 deg. F. which corresponds to the one observed at
288 deg. F, at 1.0 atm. The large exothermic shift seen after 600 deg. F.
is not due to the sample but reflects a change in the thermocouple matching
at that temperature. (See Figure 71) The sharp endotherm at 417 deg. F.
and the broad endotherm between 827° and 938 deg. F. which are seen only in
the run made at 1.0 atm, are due to the boiling of various sample components.
Possibly some decomposition occurs at the same time as the initial boiling
so tha: the latter effect reflects only the slow volatilization of sample

residues. It is also possible that the sample contains a volatile and
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relatively non-volatile constituents boiling at widely separated temperatures.
The endotherms which are observed at 288° and 297 deg. F. respectively are
due presumably to the melting of the sample. The pressure dependence of the
effect, however, is unusually large for a transition such as melting. The
explanation for this is not clear. However, other pressure dependent=-phase
changes in addition to melting may occur at the same time. Alternatively

the melting process may simply have an unusually large pressure coefficient.

2.3.3.4 ELA-67-32. Air Atmosphere. Thermocouple Pair T-8.
9.2°F./Min. Scan Rate. See Figure 97.

The thermogram obtained for sample ELA-67-32 under an air atmosphere
is in many respects very similar to that obtained for the same material under
nitrogen. Melting endotherms are found at 285° and 297 deg. F. respectively
for the 1.0 and 5.1 atm. runs. At 1.0 atm. two boiling endotherms appear at
423 deg. F. and between 768° and 924 deg. F. with a peak at 857 deg. F. The
principal difference between the runs made in air and in nitrogen lies in
the fact that in the thermogram for air atmosphere an exothermic effect
begins ai 506 deg. F. and reaches a maximum at 547 deg. F. This effect is
seen only in the run made at 5.1 atm. Presumably the oxiduition which the
exotherm reflects is that of a volatilc fraction which boils at 423 deg. F.
at 1.0 atm. and which at that pressure is lost to the system before oxidation
can be detected in the condensed phase in contact with the differential

thermocouple.

2.3.3.5 ELA-67-33. Nitrcgen Atmosphere. Thermocouple Pair T-10-
compensated. 9.2°F./Min. Scan Rate. See Figure 98.

At 1.0 atm. the thermogram of the sampie oxhibits a sharp, intense
cendotherm with peak at 328 deg. F. A similar peak is also seen at 324 deg. F.
for the run made at 5.1 ate. total pressure. These endotherms are produced
by the fusion of the sample. At 1.0 aim. the slope of the thermogram assupes
an endothermic trend after 767 deg. F. Thi: endotherm is due to evaporation
and leads into a aajor endothermic boiling peak with maximum at 847 deg. F.
The boiling peak is quite symmetric. There is no evidence of decomposition
during the boiling process at 1.0 atm. A slightly different situation is

observed at 5.1 atm. The suppression of both evaporation and boiling at e
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increased pressure are quite pronounced. The onset of evaporation is first

detected at 883 deg. F. A boiling peak of moderate intensity follows at *
935 deg. F. A small exotherm at 993 deg. F. may reflect the decomposition
of residues left over after completion of boiling. The sample appears to !

be quite stabie over a wide range of temperature in a nitrogen atmosphere.

2.3.3.6 ELA-67-33. Air Atmosphere. Thermocoupie Pair T-8.
9.2°F./Min. Scan Rate. See Figure 99.

The main features of the thermogram for ELA-67-33 in air are
similar to those cbserved for the material under nitrogen. Intense, sharp
melting endotherms are found at 325 deg. F. for the runs made at 1.0 and
5.1 atm. At 1.0 atm. evaporation endotherm begins at 715 deg. F. and leads
into a strong, symmsetrical boiling endotherm at 843 deg. F. A small
exotherm at 914 deg. F. suggests the decomposition of residues left after
the boiling ¢ € the sample. At 5.1 atm. the boiling endotherm at 947 deg. F.
is preceded by a moderate decomposition exotherm which begins at 806 deg. F.
and reaches its maximum at 882 deg. F. A small exotherm at 988 deg. F.again
suggests the further decomposition of sample residues. Tho presence of air
apparently leads to an oxidative degradation after 806 Jeg. F. which does '
not appear in the oxygen-free system. While the relative stability of the

sample in an air atoosphere is less than it is in nitrogen, the material is
obviously still quite stable.

2.3.3.7 TLA-67-34, Nitrogea Atmosphere. Thermocouple Pair T-8.
$.2°F./Min. Scan Rate. See Figures 100 and 10;.

The sample was found to be extremely viscous and tacky. For this
reascn it was extremely difficult to load the sample into the DTA cell
in a proper manner so as to schieve good thermal contact between the sample
and the measuring thermocouples. A~ a result the repeatability of the DTA runs
was poor. Indeed, it is felt that aany of the features observed in the several
thermograss reflect movement of the sample and changing degree of contact
between the sample and therwocouile. This is particularly true of the many
short-ters perindic fluctuations o“<erved in the runs made at 1.0 ata.
Several runs were madc at cach presy'Te. All data are presanted in Figures 10v

and 101 to enadlr . : - -ader to grasp tae general patterm of the decomposition
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and the other processes which affect the DTA rums.

Motion of the sample in the DTA cell occurs whea the liquid layer
is pushed upward under the influence of the pressu-e of sample vapors and/or
entcapped air. An increment of vample is pushzd upward by the vapors until
the liquid film breaks. At that pnint the liquid flews back to the lower
regions of the sample container and the process is repeated. The repression
of sample vaporization at higher pressures causes a wuarked reduction in such

oscillezion of the sample level,

At 1.0 atm. ai Increase in oscillation occurs after 620 deg. F.
One may conclude as a consejuence that sample vaporization increased
markedly when that temperature was reached. Additional changes are observed
in the 848° to 885 deg. F. region - either change in slope or degree and
nature of sample oscillatien. This may indicate further changes in the
character of the sample. At 5.1 atm. volatilization induced processes in
the 620 deg. F. region are not observed. Rather smooth thermograms withcut
proncunced oscillations are obtained. A rather slight exothermic break
occurs in the 830° to 875 deg. F. region. On the basis of the foregoing

the following general conclusions can be reached: 1) Sample volatilization

becomes important above 620 deg. F. and continues over a wide range of

remperatures. 2) Decompositi~n of sample and/or sample residues occur
above 800 deg. F.

2.3.3.8 EL0O-67-45. Nitrogen Atmosphere. Thermocouple Pair T-11.
9.2°F./Min. Scan Rate. See Figure 102.

The sample is comparatively low boiling. At 1.0 atm. an intense
boiling endotherm at 417 deg. F. is preceded by a boiling endotherm at
406 deg. F. A slight exotherm is observed at temperatures below the boiling
point at 397 deg. F. A similar peak also occurs after the bciling endotherm
at 523 deg. F. After 523 deg. F. the trend of the thermogram is endothermic.
Peaks occur at 715° and 772 deg. F. These are due to the evaporaticn and
boiling of heavier components or residues from earlier decomposition. At
5.1 atm. the mair beiling endotherm is shifted to 509 deg. F. A small
satcllite peak is scen at 537 deg. F. A broad, weak exotherm precedes the

boiling peak. It begins at 350 deg. F. and reaches its maximum at 410 deg. F.
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After the boiling peak a small exotherm at 611 deg. F. is suggestive of a
decomposition reaction. At 5.1 atm. the endotherms which occur after
523 deg. F. at 1.0 atm. are completely suppressed.

2.3.3.9 EL0-67-45. Air Atmosphere. Thermocouple Pair T-8.
9.2°F./Min. Scen Rate. See Figure 103.

The thermogram for sample ELO-67-45 in air is cuite similar to
that obtained in a nitrogen atmosphere. One of the main differences is
that at 1.0 atm. a slight periodic instability is observed to begin at
371 deg. F. just before the main boiling endotherm at 417 deg. F. A
second periodic instabilily, more pronounced than the first, occurs between
443° and 775 deg. F. The former effect is probably due to sample motion
produced by the rapid evaporation of the sample. However, the latter effect
may be the result of uny one of several causes. These include: motion of
sample residues under the influence of their own vapor pressures; refluxing
of the more volatile components of sample residues; rapid degradation of
sample residues to produce small amounts of volatile materials which are
rapidly lost in the manner which is commonly observed for silicones; and
the return and rapid re-evaporation of major components originally lost
below 435 deg. F. These pressure dependent processes are suppressed at
5.1 atm. At that pressure evaporation endotherms which occur between 410°
and 500 deg. F. are followed by a strong boiling endotherm at 522 deg. F.

A small endotherm at 720 deg. F. probably corresponds to the endotherm seen
at 775 deg. F. in the run made at 1.0 atm. under air and at 772 deg. F. in
the run made at 1.0 atm. under nitrogen. The most probable effect of the
presence of air is to produce an oxidation reaction which leads to the
evolution of small amounts of volatile components whose presence is marked

by the periodic instability recorded between 443° and 775 deg. F. at 1.0 atm.

2.3.3.10 ELO-67-51., Nitrogen Atmosphere. Thermocouple Pair T-10-
compensated. 9.2°F./Min. Scan Rate. See Figure 104.

At 1.0 atm. the thermogram of the sample exhibits a weak endothermic
drift between 708° and 787 deg. F. which is the result of evaporation of the

sample. After 787 deg. F. an intense boiling endotherm with peak at 805 deg. F.

is secn. Satellite boiling peaks occur at 853° and 865 deg. F. These are
followed by a weak exotherm at 878 deg, F. which may reflect the decomposition
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of sample residues. At 5.1 atm. the evaporation and boiling endotherms are
much weaker. The onset of evaporation is observed at 790 deg. F; the boiling
endotherm, at 897 deg, F. At temperatures up to and including the boiling
point at 5.1 atm. the sample appears to be quite stable.

2.5.3.11 £LO-67~51. Air Atmosphere. Thermocouple Pair T-10-compensated.
9.2°F./Min. Scan Rate. See Figure 105.

In air the decomposition of ELO-67-5i appears to follow very much
the same pattern as that observed tn occur under nitrogen. At 1.0 atm.
while a small endotherm is observid at 613 deg. F. evaporat:on probably
does not produce a measurable endotherm until 754 deg. F. This continues
until 792 aeg. F. which marks the beginning of the main boiling eniothemn
with peak at 810 deg. F. A small endotherm is alsc seen at 323 deg. F.

At 5.1 atm. evaporation begins at 813 deg. F. and continues until a maximum
is reached at the boiling temperature 916 deg. . A weak exotherm at

877 deg. F. prubably is the result of the same process that produced a
similar peak at 878 deg. F. under nitrogen at 1.0 ata. This decomposition
is probably so minor that its wezak exotherm is not always sufficiently
strong to be detected. No significant features are seen in the thermogram
of the sample in air that are not also seen in the thermogras made under a

nitrogen atmosphere.

2.4 Conclusion:

Frequent thermocouple failure was experienced during the differential
therna)l asnalysis of samples ELO-67-13, ELO-67-4% and ELO-67-51. In every
case failure was found to be due to 3 corvosive penetration of the stainless
steel thermocouplie sheath. Sasple ELO-67-13 seemed tc be 3 particularly bad
offender during DTA studies made at 350.0 atmospheres pressure. Pres.mably
this effect was due to the fact that at that pressure the corresive material
%3s kept in contsct with the thermocouple sheath for a3 longer time before
teing evaporated from the test system. Becase of the high rate of
theraccouple failure which was oncountercd with these samples studies at

50.0 atms. were discontinued.

Studies now in prugress to he reported in future reports in this
series comprise investigation of the thermal and oxidative degradation of

fluids in the presence of metal oxides othey than ¥¢.0,, T1d,, Cu,G and (u0.
- <+

-~ 3'
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3. THERMAL STABILITY:

3.1 Introduction:

Two principal techniques are currently in common use for the
evaluation of the thermal stability of fluids and lubricants. Both are
variants of sealcd-tube methods which have been widely used over the years
for this purpose. In each case the volatile decomposition products produced
by decompositicn are retainad in the system so as to remain in continunus
contact with fluid being examined.

In one method the sample is placed in a torosilicate glass cell,
drie! and degassed by agitation under vacuusm at elevated temperature, and
sealed. The sealed tube and sample are then exposed at a selected
temperature for a designated time. After exposure, the sample is cooled,
removed from the tube and examined for changes 1in its properties. No metals
or ¢’ .alysts are used. The prccedure for this test is described in Method

€.3 of Federal Test Method Standard 791a. The usual exposure is 24 hours

at 500 deg. F. These conditions are the same as those specified in Military
Specification MIL-L-23699A for Lubricating Oil, Aircraft Turbine Engines,
Synthetic Base. Other conditions are possible of course. The only limitation
is the stability of the fluids under study and the strength of the glass tube.
Both the stability of the sample and the ~trength ot the tube Jecrease
significantly at temperatures above 500 deg. F. In many cases useful

sample stability can be maintained at temperatures sbove 500 deg. F.
However, the strength of the glass at that temperature is such to render

such measurements fairly dangerous. Another factor of importance with respect
to safety is that ester-based fluids as well as varicus other types can be
hydrolytically unstable at very high temperatures. The presence of slight
traces of water in such materials can lead to cxcessivelx high decomposition

pressures which may rupture the sample tube with catastrophic results.

The second type of thermal stability measurenment is that described
in Military Specification MIL-H-27601A, Hydraulic Fluid, Petroleve Base, High
Temperatu;e, Flight Vehicle. The stainiess steel tesl bomb specifiecd in that
method has far greater strength than the glass reaction tuhe described abeve.
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For this reason operation at higher temperatures and the use of metal
catalysts are safe &s well as practical. Provision ic made for the use of

a pressure gauge with this test cell. In the standard apparatus used in the
present investigstions an additional modification has been introduced to
protect agairst excessively high pressures which may zosetimes be encountered
in the evzluation of unknown experimental systems. This comprises a safety
head” with rupture cisc with appropriate bursting characteristics to guard
both the test bosb and associated instrumentation ised in the system against
pressure overloads.

Evaluation of therma) stability by the method of MIL-H-27601A is
custosarily accomwplished by the determination of changes in fluid viscosity
and scidity snd catalyst weight loss or gain as a result of expusure. There
are no current requirements in effect which limit the pressure developed as
s result of the decomposition of the sample. However, the decomposition
pressure produced in the standard apparatus can be monitored. This requires
the taking of multiple gauge readings. That procedure is both inconvenient
and unsatisfactory in that those changes in pressure which are due to the
rapid breakdown of the sample after an initial induction period may not be
detected until long after they have occurred. It is the purpcse of the
present series - measurzments to investigats the decomposition pressurc
phenomenon as it relates to thermal stability. For this purpose an
instrumented test cell has been designed to peimit the continuous recording

of pressure within the systca.

‘_ 5.2 Apparatus 'and Pmcedue;:
) Tﬁe'stmdard MIL-H-2760]JA thermal stability test cell has been
nomf-ad by the substitution of & tonded strain gsuge pressure trmducer"

~ for the pnssum gauge. As stated sbove, the cell and pressure element are
pfvtccteé by & safety head and rupture disc. The ccufigun:iua of the system

« _Th: 25 Safety Head Manufactursd by am;x Sivalis and Bryson, Inc.,
Knsn City, stissouri. has been found to be sstisfacrory.

*s & wodel 211 p"dssun transducer with sppropriate adapter manufactured
hy Norwood Division of Amsvrican &tmdnd Monrevia, California, has
been found satis(sc!aw

149




has been adjusted to minimize entrapment of overhead condensate and to permit

such condensate to return to the sample bomb by a direct route. The apparatus
is shown schematically in Figure 106. In other respects the apparatus and
techniques employed in the current studies are identical to those stipulated
by the military specification.

3.2 Results and Discussinn:

In the presznt series of investigations the therma) stabilities of
seven different fluids have been evaluated. Th~ data are presented in
Figures 107 through 115, Tables XVI through XXII. In order to determine

the effect if any of changes in the geometry of the experimental systea

occasioned by the use of the pressure transducing eleaent, studies in each
case have been made with both the standard and the modified systems. Data
for sample MLO-64-8 using the standard system have been caken from an earlier
report (Reference 4) but are repeated at this timc for ease of comparison.
Some differences may be noted in the results obtained with the different
experimental systezs. It is felt however, that these represent natural
experimental variations. There is no evidence to suggest the existence

of systematic deviations caused by the changes in the apparatus.

Pressure vs. time plots obtained with the modified apparatus are
shown in Figures 107 through 115. Even in the few systems which have been
studied to date ~ertain distinctive differences in behavior mzy be ncted.
Stable samples with low vapor pressure at the test tempcrature show a small
initial pressure rise with littie or no further increase during the course
of cxposure. Saspies MLO-64-8 at 700 deg. F., ELO-64-68 st 7CO deg. F.,
and ELO-66-20 at 650 deg. F. arc examples. Sample ELO-66-31 at 650° and
70U deg. F., is less stable than any of the foregoing. An iritial rapid
increase in pressure due 'O sample vapor pressure is followed by a continuing
risc which is indicative of moderate decomposition. The pressure seasureaents
indicate that sampic ELO-65-48 st 700 deg. F. is still less stable. At
700 deg. F. the pressure in the systea containing this sateriai rises

continuously at a fairly rapid rate throughout the course of exposure.
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TASLE XVI

THERMAL STABILITY OF MLO-(4-8
per_MIL-B-27601A - 6 bours @ 700 deg. F.

Standard Mod4ified#

Viscosity @ 100 deg. F., cs.

Qriginal 307.6 308.0

After cxposure 302.0 304.6

$ Decres.e 1-8 1.}
Seutralization bo, ‘.wso

Qriginal less than 0,01 Less thap 0.0L

After exposure lLeas than 0.01 008

Incresse .00 0.03+

, Appearsnce after exposure: Qoudy Qeer, light yellow

with immdscible layer

Change in Weight of

Metals, mg./sq.om:
¥-10 0.00 Bo chenge 40.04
Bronse 0.32 Bisck corrosion 40.08 Moderste tarnish
52-100 0.05 S1ight corrosion 0.0k

®* PFressure gsuge replaced by prescure transducing clement.
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, TABLE XVII

. THERMAL STABILITY OF ELO-64-68
per MIL-H-27601A - 6 hours @ 700 deg. F.

Standéerd Modified*

Viscosity @ 100 deg. F., cs.
Original 347.2 347.2
After exposure 338.9 345.2
% Decrease 2.4 0.6

Neutralization No., mg.KOH/g.
Original 0.08 0.08
After exposure 0.C4 0.12
Increase -0.04 0.0k

Appearance after exposure: Slightly cloudy, yellow Clieer, light yellow

N Change in Weight of

Metals, mg./sq.cm:
M-10 0.00 0.0k Slight tarnish
Bronze 0.0k Moderate tarnish 0.08 Dull tarnish
52100 0.00 0.06 Slight tarnish

# Pressure gauge replaced by pressure transducing elament.
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TAELE XVIII

THERMAL STABILITY OF ELO-65-48

per MII-B-27501A - 6 hours @ 700 deg. F.

Standerd
Vigcosity @ 10C deg. F., cs,
Origioal 15.14
After exposure 13.44
% Decrease 1.2
Neutralizaeticn &op l;.l(m/g.
Original 0.07
After exposure 0.12
Increase .05
Appeerance cfter exposure: Slightly cloudy,
yellw
Change in Waight of
Metals, »g./eq.cm:
M-10 G.00
Broaze 0.Ch Moderate tarnish
52"1& 0.m

* Pressure gauge replaced by pressure transducing clement.
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15.1%
12.34
15.2

C.G7
Q.07
(VIR o

Qoudy, pele yellowish
gray vith ‘maiscidble
layer

0.00 Iridescent
0.06 Slight tarnish
0.00 Iridescent
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TASLE XIX

THERMAL STABILITY O* ELO-66-20
per_MIL-B-27501A - 6 hovrs @ 650 deg. F.

Stendard Modifieds
Viscosity @ 100 deg. F., cs.
Qriginal 326.4 326.4
After exposure 4.6 35.1
% Decrease 3D 3.5
Neutralization No., mg.KOH/g.
Original 0.22 0.22
After sxposure 0.78 0.T7
Increase 0.56 0«55
Appearsnce after exposure: Clear, btrown Qear, brown
Chapge in Weizhe cf
Metals, mg./sq.cm:
M-10 0.CO Sligit tarmiad .00 Slight taruish
Bronze 40,06 Moderste taruish 40,04 Moderate tarnish
52.100 0,00 Slight tarnish 0,00 Slight tarnish

®* Pressure gsuge replaced by pressure transducing clsment.
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. TABLE XX

: THERMAL STABILITY OF ELO-66-31
h ‘ per_MIL-B-27601A - 6 bours % 60C deg. F.

Standard Modified#
Viscosity 8 100 deg. F., cs.
Original 4,57 h.67
After exposure L.76 5.76
% Iacresse 1.9 1.9
Beutraligation No., mg.KOH/g.
Originel iess than 0.0} Less than 0.01
After exposure 0.01 C.01
Increese .0l C.0%
Mppeersnce after exposure: Water vhite, Water vhite,
cleer clear
) Change {n Weight of
Metals, ig./sq.cm.
¥-1C 0.0C No change 0.CC Ko change
Bronze .Ch Moderate trrrish +C.C? Voderate tarsish
52100 0.2C Yo chonge .00 o ehune

® Presiure gauge replaced ty rressure t-ansducin: clement.
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. _ TABLE XX-COI™NUED

' THERV/L T BITITY OF EIO-_l-3N
o - per MIL-R-270%1° - © houre § 55 deg. F.

Ctapd rd
Viscosity ® 1CC deg. F., cs.
Orizinsl k€7
After exposure 4.69
% Decrease £

Neutrel!zstion No., mz.KOE/g.

| Originsl Less ther 7.01

L ffter exposure c.C1

| Izcresse £.01

[’ . .

l Appearence after exposure: Clesr, rale yellow

! . - Chauge in Weight of

| Metals, m./sq.cm:

| N-1" 7.CT Yo cbange

] bronze +0.02 Mpderate terai.bh
52-172 ‘ .00 Mo clange

#  Pressure giuse reficced rty jresrure wressduciog element.
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.67
L.CT
<.0

les- than C.(C1

C.Ol

¢.21

Clear, pale yell v

0.0 Mo change
+£.C5 Moderate tarnish
L. ho change
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TASLE XX-COFT).FUED

TEERMAL STABILITY OF ELO-36-31
per MIL-B-27601A - € hours % 7.C deg. F.

Stondard Modified#

Viscosity ® 100 deg. F., cs,

Criginal L.67 W ¢

After exposure L.80 LT

% increase 2.8 2.6
Beutrslization Bo., ng.XOH/;:.

Origina) Less then C.01 Lesz than .71

After exposure 0.02 <.03

Increase C.cl C.02

Appearacce after exposi=e: Cleer, pale yelliow Clear, pele yellow

Change in Welght of
Netals, mg./sq.cm:

N-10 C.C{ No cbange C.CC No chapge
Bronze +C.Ch Moderste tarnish +C.02 Moderate tarpnish
52.10C C.CC Fo change 2.0C Fo change

* Pressure gauge replaced by pressure trsasducing elemernc.
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TAELE XXI1

THERMAL STABILITY OF ELO-%6-51
per MIL-H-27°7" 2 - 6 bours @ 700 deg. F.

Stendard Modified®
Viscosity & 1C0O adeg. F., cs.
Original 26.20 26.2u
After exposure 26.06 26.00
4 Decresse 0.9 0.8

Neutralization No., mg.KOH/g.%**

Original 33.4 33.4
After exposure 4. C L1,2
Increase 10.€ 7.8
Aprearance after exposure: Clear, dark grayish brown Qlear, dark grayish brown
' Change in Weight of Metals,
mg./sq.cm:
) M-1C .00 Siight taraish +0.02 Slight tarnish
Bronze +C,08 Broun +0.08 Brown
52-1CC +C.CL Slight tarrisk C.00 Slight tn-nish

*  Preszure auge rerlaced by pressure traasducing elemenv,

#* Sample vas immiscitle 1in titration sclvent. DBest repeatadbility wes
obteined &t bizh stivring rates.
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THERMAL STABILITY OF ELO-67-49
per MIL-B-27601A - 6 hours @ 7C0 deg. F.

TABLE XXI1

Viscosity @ 100 deg. F., cs.

riginal
After exposure
% Decrease

Neutralization bo, Q.M/g.

Original
After exposure
Increase

Appearance after exposure:

Change in Weight of Metals,
mg./8q.cm:
M.10

Bronze
52-100

* Presswre gauge replaced by pressure transducing element.

Standard

16.84
12.36
26.6

0.06
0.06
0.00

Slightly cloudy,
light brown

0.00 Slight change
0.C8 Light brown
C.C0O Slight change

165

Modified*

&

16.8
12.42

0.06
0.09
40.03

Slightly clowdy,
light brown

0.00 Slight change
+0.12 Ligkt brown
0.00 Slight change
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R o o e b e .

On the basis of the foregoing data, it is obvious that the addition

of 2 continuous pressure measurement capability to the thermal stability
apparatus provides much useful information. While sufficient data to permit
any firm conclusions are not yet available at this stage of the investigation,
it may ultimately be revealed that some systems which are apparently stable
from the standpoint of corrosiveness znd bulk fluid properties may be found

to be unsatisfactory by the criterion of pressure build-up. Rate of

pressure build-»n is an alternate criterion for evaluation of stability,

Mone of the samples studied thus far suffered catastrophic breakdown after an
initial period of apparent relative stability. The existence of such induction
periods prior to deccmposition is common in the case of oxidative degradation

and may prove to be of importance with respect to thermsl decomposition as well.

4. C(HEMICAL AND PHYSIiCAL PROPERTIES OF ExyZRIMENTAL LUBRICANTS

Tables XXIII through XLIV and Figure 116 summarize chemical and
physical measurements made during the current reporting pericd on a variety

of experimental fluids and greases.

5. FUTURE WORK

The fixatior of atmospheric nitrogen by combination witrh oxygen ia
a2 spark dischar, ¢ or an active surface at elevated temperatures is a well
known phenomenon. That this occurs in suiomotive int:irnal combustion engines
is a primury cause of the air pollution due to that source. The interaction
of such nitrogen oxiu s with lubricating fluids has been used as an index of
ithricant degradation | + L. Gardner. (Reference 7} That author made
quantitati = measuremen s of infrared adbsorption in the 6.1 micron region
to determine the exiant £ formation of organic nitrates produced by
interaction with nitrogen <idss in blow-by gases. The results of that work
suzgest he possibility of e. ending tis scope of current corrosion and

oxidation stability tests throu % the artificai introduction of small amounts

i6.




of nitrogen oxides to the air stream bubbled through the samples. This could
easily be accomplished through the use of a controvlled spark discharge in the
entering air stream. Such a modification would pruvide an additional variable
in the corrosion-oxidation testing program which would permit the simulation
of actual operating conditions more nearly than is now possible.

While nitrogen fixation may be of greatest importance in reciprocating
internal combustion sngines using gasoline fuels, it seems likely that it
ca occur te some degree in any engine system. For this reason it is felt
that an initisl investigation of nitrogen fixation in various lubricating
fluids should be made and, depending on the results of such an investigation,
a study of the effects of nitrogen oxidys on corrosion-oxidation tests should
follow.
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TASLE XX111

SAMPLE NUMBIR MLO-64-k

Specification lﬁbﬂ-ﬁojﬁ

Plash Point, deg. F.
Mire Print, deg. F.

Copper Strip Corrosion (72 hours @ 250 deg. F.)
Four Foint, deg. F.

Rubber Swelling, $ ("L" Rubber)

435

500
Moderste tarnish-2B
35 below 0

1k.43

Brajoration Test (4 bours @ 150 deg. F.) Pesses - Oily, not bard or tacky

Specific Cravity 8 60/60 deg. F.
Spontaneocus Ignition Tempersture, deg. F.
(AS™ D 286)

* bodarate sacunt of carbonacecus residue

FOAMING TEST

Foaming Tendency:
Foamr volune, ml.
at end of S5 min,

C.8862
680#

Foam Stadbility:
Fosm volums, ml.
at end of 10 min.

Tespereture bloving period sstiling period
T5 deg. F. 540 50 ml. after 10 minutes
TS deg. F. 500 5 al. after 10 minutes
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TAPLE XXII1.CCRTINUED

SAMPLE NUMBER MLO-6h4-k

CORROSION AND OXIDATION STABILITY TEST
168 bours 8 250 deg. F. - MIL-B-5606B*

Tests on the Original (41:

Viscosity § 130 deg. F., cs. 34.0b
Neutralizetion h., u.ms. 0003

Tests on the Oxidized Oi):

VIBCOGIty 8 130 deg. Fo, cs, 3".97
Neutralization No. » BEe KOﬂ/g. 0007
Bvspcretion Loss, % 0.83
Appearance after oxidation: Strav color; no precipitate
Increase in Wiscosity, % 1.0
Increase in Meutralization .>., mg.XO0H/g. C.O0k
Loss of Weight of ietals, mg./sq.ca:
Magnesium 0.00
Alusioum 0.00
Copper C.00 ®=
Cadmiym c.00
Steel J.0C

* Alr flow § :0.5 liters/bour. With reflux.
**  jModerate ternish-2E
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T OLE X1V

SAMFLE NUMBER MLO-ok-5

ification MIL-H-5006B

Nash Foiot, de3. F.

Fire Point, deg. F.

Copper Strip Carrosion (72 bours 8 250 deg. F.)
Four Foint, dey. F.

Rubber Bvelling, % ("L" Rubber)

Brapcretion Tast (4 bhours 8 150 deg. P.) Passes - Ofly, not bard or tacky

Specific Cravity @ 60/6C deg. F.
Spontenecus Ignition Temperature, deg. F.
A9™ D 280

* Light carbonaceous residue

FOAMI NG TEST

Foaming ‘huhng:y:
Posm volums, al.
st end of 5 min.

340

3¢
Modorate tarnish-2B
60 below O

T.91

0.8804
(SN

Foan Stadility:
Foam volume, =ml.
at end of 1C min.

Tewpersture bloving pariod settlin: period
15 deg. F. 515 1¢ ml. after 1C ainutes
X dez. F. y ¥ 3 ml. siter 1C minutes

Pt
5 dey. F. hod

O

15 =l. sfter 10 axinutes
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TABLE XXIV-CONTINUED

SANPLF WMBIR }C.0-54-§

CORBOBIOR AND OXIDATION STABILITY TRST
168 bours 8 250 deg, P. - MIL-E-5606B%

Tests on the Origical Oil:
Viccosity @ 130 deg. F., cs. 3k.67
Beutralisation No., mg.K0B/g. 0.09

Tests on the (xidized O1):

Viscosity @ 130 deg. F., cs. LS. Th
Esutralizstion No., xg.KO0E/g. 0.14
Mvsporetion loss, % 0.T2
after oxidatioo: Moderate amber; nc precipitate
Incresse in Viscosity, % . 31.9
Increass ia Esutrelisation Fo., mg.XOH/g. 0.05
Loas of Weight of Matals, mg./sq.cm:
Magnesiua 0.0C
Alumdious 0.0
Qo per 0.06 &~
Osaxdum 0.07
Stesl C.C0

1™




TABLE XXV

SAMPLE NUMBER FLO-66~20

Bvaporation, % (64 bours @ 400 deg. l.)
Pour Puint, deg. F.
Kinems{lc Viscosity @ 130 deg. F., cs.

Kiremaiic Viscosity @ 40O deg. F., cs.

174
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TABLE XYV-CONTINUED

. SAVPLE [TUMBER ELO-CS5-2C

HYDRCLYTIC STABILITY TEST
MIL-3-844 .5 -« 18 hours @ 20C des. F,

Corrosion:

1. Loss of weizht ol copper, rg./sq.cm:

a. Before orushing 1.23

9. After brushing 1.23
2. fppecizince of copper:

a. Eefore vrushing Slight etchirg

b, Af{er orushing Slizht etching

Resistance tc Hydrolysis:

1. Viscosity 2 100 deg. F., cs.

. e. Origiral sample 326,k
b, After %est 325.4
c. { change =03
2. Neutralizaticn Yoo, nol KOH/g:
a2, Vater layer Ce05
v, Orzarvic layer
Orizinal C.22
After test 2745C
Tacrease 27.28
3, Insolutle material ir oil leyer, % 0420
4, Color Lichter thoz (.5
175
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TLELE XXVI

SAMPLY "UEER SAIPLE JUMEER

ELO- 502" ELO0-35-25 Yo

Kinematic Viscosity: L
T3¢ de,. F. 115,25 115,55
% 21C ey, F. 15.55 15.0%
3 5CC deg. F. 1.4 1l
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TAELE XXVI1

SAMPLE NUMBER ELO-6£€-30

RUBBER DETERIORATION TEST
168 hours at 275 degrees F.

MIL-H-50606B
% swelling (shrinkage) of "L" Stock Rubber Specimens 745
DUROMETER HARDNESS
Durcmeter Heriness Before Test T2
Durometer Hardness After Test Th
ELONGATTION
Rlongation Befare Test, in. 2.53
Elongation After Test, in.
1lst specimer 0.9
2nd specimen 0.9
3rd specimen 0.8
Average 0.87
Decrease 65.6
, TENSILE STRENGTH
Tensile Strength Before Test, psi 3,084
Tensile Strengtk Alter Test, psi:
lst specimen 1,426
2nd specimen 1,5TT
3rd spacimen 1,366
Average 1,456
Decrease, % 52,78

177




TABLE XXVII-CONTINUED

SAMPLE NUMBER ¥X0-66-30

RUBBER DETERIQRATION TEST
168 howrs at 275 deiaees F.
MIL-H-5606B

% swelling of "RAK-3" (labeled no post cure) Stock Rubber Specimens
DUROMETER HARDNESS

Durometer Hardness Befare Test
Durometer Hardness After Tast

ELONGATTON

Elongation Befare Test, in.

Elongation After Test, in:
1st specimen
2nd specimen
3rd specimen
Average
Decrease

TENSILE STRENGTH

Tensile Strength Befare Test, psi

Tensile Strength After Test, psi:
lst specimen
nd specinmen
3Ird specimen
Average
Decrease, %

178

3.36

2,387
1,877
1,651
1,877

;00
k.6

}
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TASLE XYVI1-CONTLIUED

SAMPLE NUMBER ELO-66-30

RUBBER DETERIORATION TEST
168 hours at 275 degrees F.
MIL-H-5606B

% swelling of "RAK-26" (labeled no post cure) Stock Rubber Specimens 0.36
% shrinkege of "RAK-26" (labeled no post cure) Stock Rubber Specimens

1lst specimen 0.50
2nd specimen 2.60

LUROMETER HARDNESS

Durometer Hardness Before Test 85
Durameter Hardness After Test 89

ELONGATION

Elongation Before Test, in. 2.0
Elongation After Test, in:
1st specimen 1.3
2nd specimen 1.4
3rd specimen 1.3
Aversge L3
Decrease 35.0

Tensile Strength Befare Test, psi 2,177
Tensile Strength After Test, psi:
lst specimen 1,832
2nd specimen 1,802
3rd specimen 1,727
Average 1,787
Decrease, % 17.9
179




a——

TAELE XXVII-CONTINUED

SAMPLR WIMRER RLO-H6-30

RUBEER DETERIORATION TEST
168 hours st 275 degrees F.
MIL-H-5606B

% swelling of "RAK-26" (1labeled post cure) Stock Rubber Specimens 0.36

% shrinkage of "RAK-26" (labeled post cure) Stock Rubber Specimens

1st specimen 5.56
2nd specimen 0.15

DUROMETER HARDNESS

Durameter Hardness Before Test 86
Durometer Hardness After Test 871
ELONGATION
Elongation Befare Test, in. 1.k
Elongation After Test, in:
1lst specimen 1.4
2nd specimen 0.6
3rd specimen 1.6
Aversge 1.3
Decrease T.2
TENSILE STRENGTH
Tensile Strepgth Before Test, psi 1,952
Tensile Strength After Test, psi:
1st specimen 1,712
2nd specimen 1,486
3rd specimen 1,892
Averasge 1,6
Decrease, % 12.1

180
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RTD Panel

Viscosity

TABLE ¥XXVIII

SAMPLE NUMBER ELO-66-34

Coking Test, mg. depousit

CORROSION AND OXIDATTON STABILITY TEST

Tests on the Qriginal Oil:

() 100 dego Fo, C8e

Neutralization No., mg.KOH/g.

Viscosity

Tests on the Oxidized Oil:

@8 100 deg. F., cs.

Neutralization No., mg.KOH/g.
Evaporation Loss, %

Appearance after oxidaticn:

Increase in Wsceosity, %
Increage in Neutralization No., mz.KOH/g.

Sludge retained on 1O micron millipore filter, mg./10C ml.

Megnesium
Aluminum
Copper
8ilver
Steel

*

i

loss of Weight of Metals, mg./sg.cm:

Ar flov 5 ¥0.5 liters/hour. With reflux.
Cannot be filtered thru 10 micron filter,
Dull gray-etched,

Bright etching.

Light brovn stein.

Gold.

181

1308

89.62
6.20
1,00

Dark reddish brown; no precipitate

-0
8.16
k = 3

C)O?O\O
8RrEIY




TABLE XXVIII-CONTINUED

SAMPLE NUMBER ELO-66-34

CORROSION AND OXIDATION STABILITY TEST
72 bours 3 CC dez. F. - MIL-L-OOT8O8F*

Tests on Lhe Qriginal Oil:

Viscosity @ 10C deg. F., cs. 62,01
Viscosity @ 210 deg. F.; cs. 9.17
Neutralization Ibo, e KOH/g. 0.0)4

Tests on the Oxidized Oil:

ﬁscos’.ty % 100 deg. Fn, C8e 91.59
Viscosity @ 21C deg. F., cs. 11.83
Neutralization No., mg.KOE/;. b.24
Evaporation loss, % 1.65
Appearance after oxidation: Dark brown; moderate precipitate
Increase in Wscosity 8 1CO deg. F., $ 45.6
Increase in Viscosity @ 21C deg. F., % 29.0
Increase in Nmutralization No., mg.KOH/g. Looo

Studze retained on 10 micron millipores filter, mg./100 ml, ##

Iose of Weicht of Metels, wg,/sg.cm:

Ma;oesium 13432 #ae

Alvrdnure 0.0

Copper ' 1,19 wews
Silver 0.02 e
Steel CoOC HHHHEE

Ar flov 5 Yo.5 ilters/bour. With reflux.
Cannot be filtered thru 1C micron filter.
Dull ;ray-etched,

Bright etcbing.

Light zold.

30ld aad blue,

i%ii:.
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TABLE XXVIIT-CONTINUED

SAMVLE MABER ELO-G5-34

CORROSIO. AND OXIDATION STABILLNY TESTH
4" hours & LWCC de;. F.*#%

K .

Tests on the Oriripal Oil:

Viscosity 3 10C deg. F., cs. 02.S).
Viscosity & 21C dez. F., cs. Se17
Neutralizatior lo., mg.KOH/;. C.Ch

Tests on the Oxidized Oil:

Viscosity 3 100 deg. F., c¢se. 2015
Viscosity & 21C deg. F., cs. £C.T
Neutralization No., mg.KOH/g. 15.10
Evaporation loss, % 3.69
fppearsace after oxidation: Dark brown; very viscous
Increase iz Viscosity 2 100 deg. F., ¢ 31¢C
Incrense in Viscosity & 210 dex, F., $ 2z
Inerease in Neutrslization No., =:g.KOH/g. 15.0%

Sludgze rotained oz 10 miecron millipore filter, mg./1C00 ml.,  *#+

Lo3s of Weizht ¢f “Etels, mg./sg.cm:

Alumivur éQQ-Af-BSS} G
Titanium MIL-T-CCo0hkoR, 3% Mu) ColC
Silver (MI1-8-13252) O.l:
Stesl %’Dool Steel-Tope M-1C) LelC
Corper QR-C-ST75) 1.51
Maznesium  (QC-M-ut) e ¢

* Washers in sgme ronfi uration as in Mecruv Corrosion Oxidatica.

== Alr flovw 130-7.5 liters/hour. Withcut reflux.
### Capnot b»e [iltered thru 10 wicron filter.
e Told,
##3ns  1§-ht zold.
*»828¢  Dri:bt etchin_.
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TASLE XXiZ

SAMPLE V. TER ELO-0(-51

Pour Point, deg. F. g

Kinematic Viscosity:
3 3C de;. F., cs. 1ol.5
].OC dQ&o Fo, Ccs. 25,:"_'»

13C de;. F., cs. 1l ~

.

wa

7 2lC deg. F., cs. SoiX
Z 80C des. F., cs. .. 3

Keutralizetion lumber, 3. KOH/ 5. 33.4
Flash Point, dez. F, (Cleveland Open ;) s

Specific Gravity 3 oU;5 deg. F. _ 1.5380;

Spautaneous Ionition Texyersture, de;, F.
ASTM T 235 _ 1Co o

Preporaticr Test (S} nours §ohiC de. ¥, ) >

ML e

* U ote 570 de:. F, g0 Pisan foint obzerved. AL this resversiurs L 8:
i

sEio aotled; leavl.) tae oyl

~ > b It o] [Ty g O
ool Lhe thernuseter exposad,

s il et




4V

TABLE XXIX-CONTIv

SAMPLE WAMRER ELO-CO-51

HYDROLYTIC STABILITY LEST
MIL-H.85458 - 48 bours 3 2CC dec. F,

L. loss of veisht cf ccpser, zy./sq.cz:
a. Before Urushing
t. Alter nrushino,

Caw

L2 2 )
.
n oy

2. Appecrazce of copper:
8. Before brzhin Dar. tarczisk-3T
b. Aftar trushinog Dsrk tarpish-3%

Resistauce to Sydrol.sis:

1, Viscosit, Z 1.0 deg. F., cs.
e. Orizinal sexple 25,20

2. Alher taon it
2. % chag,e S
2, Meuirelleolion oo, 5, T
4, xater layer e
b, Orzszic lajyer
Originel 236
Aemyr test 2T
Pecreace ez
5« Ipsoludle -aterial in cil leyer, % Lol 2
§. Color Wnter thaey .3

o
fr il
o




TABLE XXIX-CONTINUED

SAMPLE NUMDIZ 1lo=OoeJa

VAPQR FRESSURE BY ISOTENISCOPE

Tempersture, dzz. F. P, m Hg
2c 0.15
250 C.8
320 3.6
35¢ 13.3
hoo L3
450 110
5C0 265
55¢ 520
575 820

1o decomposition was observed.
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TABLE XXX

SAMPLE NUMBER ELO-66-109

Kinematic Viscosity, ASTM D Lit5-65.
a. @ 20 deg., F., cs.
b, @ 100 deg. F., cse
c. @ 210 deg. F., cs.
Flash Point, deg. F. (Cleveland Open Cup)
. Fire Point, deg. F.
Pour Point, deg. F.

Spontaneous Ignition Temperature, deg. F.
(AST™ D 286)

Copper Strip Corrosion (72 hours @ 250 deg. F.)
MIL-H-5606B

Rubber Swelling, $ ("L" Stock, MIL-H-5606B)

188

2703
71.93
T+58

410

470

25 belov O

685

Dark tarnish-3B

10.26




TABLE XXX-CONTINUED

SAMPLE NUMBER ELO-66-109

CORROBION AND OXIDATION STABILITY TEST
168 hours @ 250 deg. F. - MIL-B-5606B%

Tests on the Original Oi):

Viscosity @ 130 deg. F,, cs. , 31.88
Neutralization No., mg.KOH/g. Less than 0,01

Tests on the Oxidized OLl:

Viscosity e 130 ﬁeg. Fo’ Cs8. 32028
Reutralization k., MQM/G. 0.0k
Evaporation Loes, % 0.59
Appesrance after oxidation: . Very light ember; no precipitate
Increase in Viscosity, % 1.3
Incresss in Reutralization tbo’ mg.mﬂ/g. 0.03¢

Loas of Weight of Metals, mg./sq.cm:

Magnesium 0.00
Alvminum 0.00
Copper 0,00 W
Cadmivan 0.01
Steel 0.00

% AMr flov 5 -'.-'0.5 liters/hour. With reflux.
#* Moderate tarnish.ZE,
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TASLE XXX1

SAMFLE NUMBER EL0-66-117

CORROSION AND OXIDATION STARILITY TEST
72 hours @ 347 deg. F. - MIL.I-OG7808F*

N\
Tests on the Orizinal Oil:

Viscesizy @ 1CC deg. F., cs. 0273
Neutrelization No., mg.KOH/z. 0.03

Tests on the Oxidized Oll:

Viscositv @ 10C deg. F., cs. TC.43
Neutralization No., mg.KOH/g. 2.39
Evaporation Loss; % 1,11
Appearance sfter oxidation: Dack reddish brovn; no precipitate
Incresse in Viscosity, % - 12.3 v
Increase in Neutralization No., mg.KOH/g. 2.36

Sludge retained ca 10 micren millipore filter, mg./l00 ml. O.14

loss of Weizht of Metals, mz./sq.cm:

Magres:.am 0.00
Alumizam 0.00
Copper C.10
Silver C.02
Steel 0.0C

Mr flov 5 20.5 liters/hour. ¥ith reflux.
Moderate tarnish-2E, etched.

Light gold.

Parple and goid.

t3z.
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TAELE XXXJ.CONTINUED

SAMPLE NUMBER ELO-%6-117

CORROSIOM AND OXIDATION S ALINITY TEST
72 hours % 400 der, Fo ~ Mil-L-COTRQBF#*

Teste on the Oririnal 0il:

Viscosity % 100 deg. F., cs. G273
Viscosity & 21C dez. F., cs. Gulb
Neutralization No., m.KOH/3. 2.03

Tests on the (Oxidized Oil:

¥iscosity @ 100 deg. F., cs. 21.L2
Viscosity 3 210 deg. F., cs. 11.C7
.cutralization Nc., mg.KOH/g. 4,035
Evaporation loss, % 2.53
Appearance after oxidation: Dark brown; moderate precipitate
Incresse in Viscosity 3 100 deg. Fo, % 29.8
Increase in Viscosity @ 210 deg. F., % 2C.7T
Increase in Neutralization MNo., mg.KOE/gz. 4,02

Sludge retained on 1C micron millipore filter, mg./100 ml, **

Loss of Weizht of Metals, mg./sq.cm:

Magorsium 1.5G #aw
Aluminum 2400
Copper 0.,RC #aus
Silver To.Cl et
Steel T 00 #neaww

*

Ar flov 5 T0.5 liters/hour. With reflux,
**  Canpnot Se filtered thr: 1¢ micron filter.
r#s  Dull ray.etched,

s#2% Bri-ht etching.

*o000
288000

Lizht ;eld.
nlue,
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TAELE XXXI-CONTIITURD

SAMPLE NUMBER ELO-Gio-117

CORRUSION AIMD OXIDATION STAPILITY TEST*
42 hours @ 4QU dez. F.**

Tests on the Qriginal Oil:

Viscosity @ 100 deg. F., cs. 52.73
Viscosity @ 210 dez. F., cs. Culk
Neutralization lo., mg.KOH/g. ' C.03

Tests on the Oxidized Oil:

Viscosity @ 100 deg. F., cs. G3.2%

Viscosity @ 210 dc;. F., cs,. 11.07

M2 iralization No., mg.KOH/g. i ¢ 3.12

Evaporstion loss, % 3.54%

Appearance after oxidation: Dark —~eddish trown; no precipitate

Increase in Viscosity @ 100 deg. F., % hR.T

. Increase in Viscosity @ 21C deg, F., ¢ 27.5 '
Increase in Neutralization No., mg.KOH/;. 3.15

Sludge retained on 10 micron millipore filter, m3.;10C ml. .03

Loss of Weight of Metals, mg./sq.cm:

Aumizum  (QG-A-355) 0,00
m™jtanium  (MIL-T-CCQO45B, % Ma) GeCC *w
Silver (MIL-S-13252) C.0T
Steel (Tool Steel.Type M-1C) Q.U *#aw
Coprer Q&-C-578) Z.11 eeeies
Mecnesium  (QQ-M-L4) O

% Washers in s coafiguration as in .dcre Cerrosicr Ovidation.

#%  Afr flow 130-0G.5 liters/hour. Without reilux.
#x%  Lisht cold.

# Cold,

#4ut  ipnderate tarnish-cD.

152




TABLE_XXXI1

SAMPLE NUMBER ELO-67-15

Copper Strip Corrosion (72 nours @ 250 deg, F.)
MIL-H-56068 Moderate tarnisb-2C

¥inematic Viscosity:

@ O deg. F., cs. 2,508

@ 100 deg. F., cs. 24.39
@ 130 deg. F., cs, 11.63
8 210 deg. F., cs. 3.1k
@ 275 degs F., cs. » 1.04

CORRCEION AND OXIDATION STABILITY TEST
168 hours @ 220 deg. F, - MIL-B-26068*

Tests oo the Original ou_:

Vllco'it}f ) 130 d‘go ro’ cs, 11.63
Reutralization lb., Q.Km/g. 0.18

Tests o. the (xddized Oil:

Viscosity @ 130 deg. F., cs. 12.T7
Neutralization No., mg.KOH/g. 0«31
Evapuration Loss, % 1.1
Appearance after oxidation: Weter vhite; no precipitate
Increase in Viscosity, % 9.8
Increase in Neutra)lization No., mg.KOH/g. G.13

Locs of Weight of Metals, q;/sq.cm:

Magnesion 0
Aluminum G 00
Copper o0 ®
Codyeium Ju01
Bteel C.0C

* AMr flov 5 0.5 Liters/hour. Wi*b refiux.
#» Dark taraisb-3B.
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TASLE XXXIII

SAMPLE NUMBER ELQ-57-15

¥icematic Viscosity:
@ 100 dege F., cs8.
8 120 deg. F., cs.
8 2.0 deg, F., cs.
Flash Foint, deg. F. (Clevelard Open Cup)

Fire Point, dez. F.

Spontaneous Iinition Temperature, d=g. F.
(AST™™ D 286)

.83

31.90

T.62
465

670
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TEELE XXXIV

Omp—

SAMPLE WURBER ELO-07-21

Copper Strip Corrcsisu (72 bours - 250 e, 7.,
MIL-E-5.0CE

e N

Der). taraisb-3A

CORROSION AND OXIDATION STATILITY TEST

Tests ¢ the Ori.inel Oil:

Viscosity % 13C dez. F., 'cg.
Ibutl'allzation I"O., MQKOH/SQ

Tests oz tbhe Oxidized Jil:

Viscoeity 3 13C dez. F., cs.

Neutralization No., mg.KOl/gz.

Evaporation loss, %

Appearance after oxidstion: Moderaw.
Increase in Viscosity, % o
Ircrease in iicutralizatioo lo., zg.KOH/3.

loss of Wei rt of Metals, og./sq.cm?

Ma-mesiua
Aurinae
Coprer
Cedrur
Steel
s Alr flov T .9 ifters,icar.  With reflux.
*s  mry taruist3E,

e

11.43

el

-33.2¢
.07
2,74
amter; no precipitate
1.4
vel3

‘: .ﬁ.‘t

-~
e v
T T
W
l-r.{-l
- R
PR




TABLE XXXV .

SAMPLE NUMBER ELO-57-22

Kinematic Viscosity, ASTM D L45.05:
a. @ 100 deg. F., cs. 103.982

be 2 210 dego Fo, CSe 15.31

Saytolt Viscosity, ASTM D £8-56:

a, 2100 deg. F., SUS 758

b. @ 210 deg. F., SUS 8040
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SAMPLE MARKED

ELO-6T-23
lst sample

ELO-6T-23
" .22-67
. *submitted)

FLASH POINY, DEG. F.
(CLEVELAND OPEN CUP)

385

405

197

FIRE POLNT, DEG. F.

485




NS T R

TABLE XXXVI-CONTINUED

SAMPLE NUMBER EL0-67-23

Flash Point, deg. F.

Fire Point, deg. F.

Spontaneou:. Iznitior Temperature, deg. P.
ASTM D 285

375

T12¢




TABLE XXXVII

SAMPLE NUMBER ELO-67-35

Flash Point, deg. F. (Cleveland Open Cup) 400
Fire Point, deg. F. 460
CORROST M AND OXIDATION STABILITY TEST
L8 hours @ 34T deg. F., per MIL-B-27601 #
Tests on the Original Oil:
Viscosity 8 100 deg. F., cs. 25.54
mmutim k., m.wga 0.0“
Tests on the (xidized (41:
Viscosity @ 100 deg. F., cs. 28.65
Heutrelization ho, “owso 2.%
Evaporaticn loss, $ 1.57
Appeerance sfter oxidation: Dark smber; no precipitate
Increase in Viscosity, $ 12,2
Increase in Neutralization No., mg.XOH/g. 2.52
Loss of Weight of Metals, mg./sq.cwm:
#350 Stainless Stmel 0.00 #+
#355 Stainless Steel 0.00 wea
0 Stuinless Steel 0.00 e
Copper 0,20 weee
Silver o.a1
Sludge retained on U micron millipore filter, mg./100 =l. 0.5
*  Mr fiow 5 205 lters/bour. With reflux.
“  Gold
**s  Light gold
sess Inrk tarniso 3B; bright eteding
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TABLE XXXVIII

SAMPLE NUMBER ELO-07-49

Sponteneous Isnition Temperature, deg. F.
(ASTM D 286)

200

735




TABLE XXXIX

SAMPLE FUMBER EL0-67-50

cification MIL-EH- B

Kinematic Viscosity:

8. @ -0 deg. F., cs, 2,286
; b. @ 100 deg. Fo, cs. 16.9%
c. @130 deg. T., cs. 10.03
’ 4, @ 216 deg. ., cs. | 3.73
* Four Foint, deg. P Below 85 below 0
: © Tash Pxint, deg. 7. (Cleveland Open Orp) 435
. | . Fire Foint, deg. 7. 490
.m Ignition Temperature, leg. F.
(Ae™ D 286) . 615
Copper Btrip Corresion (T2 hours @ 250 deg. F.) Dark tarnish-3B
TONGNG TEST
Foaming Tendency: Foam éubLuty:
Fom volume, nl. Fose volime, ml.
at ood of 5 min, © at e of 10 xdn.
Temperature bloving pertod settling period
T5 deg. P. Tracas 0 sfter 3 secoods
Rubber Owelling, $ ("L" Rubber) 670

Braporetion Test (b bours @ 150 dag. F.) Pusses - Olly, oot hard ar wecky |

2Q1
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TABLE XXXIX-CONTINUED

SAMPLE NUMBER ELO-57-50

CORROSION AND OXIDATION STABILITY TEST
43 hours § 347 deg. F., per MIL-E.2]60LA%

Tests on the Qriginal Oil:

Viscosity # 100 deg. F., cs. 17.01
Neatralization No., mg.KO0H/3. _ C.03

Teste on the Oxidized Ofl:

Viscosity 8 100 deg. P., cs. 1715
leutralization No., mg.KOH/3. 0.49
Rvaporetion loss, $ , 1,02
Appeesrance after oxidation: Moderate smber; no precipitete
Increase in Viscosity, % 0.8
Increase in Neutralization No., mg.KOH/g. ' 0.46
Loss of Weigcht of Metals, mg./eq.cm:

#350 Stainless Steel 0.0]1 =
T tanius , 0.00 #
b0 Stainless Steel 0.00 #»
Copper 0.02 sen
Silver ~ 0.00 e

Sludge retained on 10 micron millipore filter, mg./100 ml. 1.1

* Mr fiow 5 '.’c.s liters/bour. With reflux.

o 1420t zold _
88 Mpderete taruiah.28
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TABLE XYXIX-CONTILUED

SAMPLE "TUMBER EL0O-67-50

CORROSION AND OXIDATION STABILITY TEST
168 bours @ 250 deg, F. - MIL-B-5506B#

Tests on the Original Oil:

Vlscoﬁity ] 130 deg. Fo, c8, s 10.03
Reutralizetion No., mg.KOH/g. 0.05

Tests oo the Oxidized Oil:

Viscosity & 130 dege F., c8. : 10.08
Neutralization &0, w.m/go 0.05
Eveporstion loss, % - 0.76
fppoarance after oxidation: Strew color; no precipitate
Increese in Viscosity, % 0.5
Change in Neu‘relization ﬁko, ng.l@ﬂ/g. 0.0C
Loss of Weight of Metals, xg./sq.cm:
Magoesium 0.00
- Al v .00
Copper C.02 we
Cedmdur 0.01
Steel 0.0
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TABLE XXXIX-CCNTINUED

SAMPLE NUMBER ELO-67-50

SONIC SHEAR TEST . MIL-H-5606B

Properties of Reference Fluid

Viscosity @ 130 deg. F., cs:

8. Pefore irradistion 10,20
" b. After irrsdistion of 30 ml.
of fluid for 30 minutes 8.71
c. % cbange -1%,61
Wscosity 8 ~4O deg, F., cs:
' 8. Before irradiation 480.2
be After irradisticn of 30 ml.
of fiuid for 30 minutes 433.0
¢. % change -9.82
5 s Cf
Viscoslity £ 130 deg. F., cs:
t. Belfore ixradiatiocn 16.03
b. After irradistion of 30 ml.
of fiuid for 30 sioutes 92.58
¢. % change -0.48
Viscosity & -50 deg. F., cs:
&, Defore irrsdistion 2,6
b. After irredistion of IC ml.
of fluid for 30 minutes 2,263
¢. % change -1.0
Ksutrealizstion No., mg.KOH/3.
8. Before irrediation C.05
b, After irrsdisa:ton of 30 ml,
of fluid for X minutes G2
c. change £.+C3
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TAELE X1

SAMPLE NUMBER EL0-67.54

Specification MIL-8.56068

Pour Foint, deg. F. 30 below O
Acid m, w.w&. C.Ch
Bpecific Oravity & 60/60 deg. F. 1.9182

Kinematic Yiecosity:

8. 8% -20 deg. Fo, o8, A ‘ 1,795
b. .t ).m d“b r" C8. 1".72
Ce &t 210 deg. ’o, C8. 2.70
Oopper Strip Corroaion (72 bours € 250 deg. F.) Dark taruisd.3B
L]
FOAMING YEBT
Posxing Tendency: Foem Stabllity:
fosm volume, ml. Foas volume, ml,
at ed of S min. at end of 10 mdsn.
sempereture , blowing period settling period
75 deg. F. 0 O after 25 syzonds

VISCOEITY STARILITY (72 BOURS § -20 D&, F)

BURS VISOOBITY, cs.
o 1,795
3 1,814

~4 1,823

B 1,823

T2 1,825
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TABLE XL-CONTILUED

CORROEION AND OXIDATION STABILIT' TFST
168 hours & 250 deg. F. - MIL-B-56069%

Tests cn the Originel QU:

Viscosity § 100 deg. F., cs. 1,72
Neutralizstion bo, “QWSQ 0.04

Tests on the Qxidized Ofl:

Viscosity @ 100 deg. F., cs. 16.10
Neutrslizstion ho, “owso 0.0b
Bvaporstion loss, $ 2.1
Mppesrance after oxidation: Water viite, no precipitate
Increass in Viscoeity, % 9.b
Increass in Neutrelisation b" "m" 0,00
loss of of Metals +/8Q.CM3

w_ 0.00
Alvdinm 0.CO
Copper 0.01 o=
radmd um 0.02
Steel 0.00

* ir niov 5 2.5 Mters/bowr. With reflnx.
* Joderste tamish-2A
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T8LE 41

SAPLE [EEBER MCG-43-33

MEAN! HERTZ LOAD
Rock Island Arsensi !"ti."“ot_i_

Scer diameter, mm. Corrected load, “i.

Co33 35.131

L3237 42.53¢

Codol Ske-37

Lo43+ 594354 ®
C.532 To.d65 **

S oohls £5.633

1176 &b Al

2.018 5C ek

YELD _

Total A 479.737

o 1o
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TAELE XLI-CONTLNVED

B SAMPLE NUMBER Mcc-66-303
e GREASE
i ' Test Conditions: Temperature: o5 ¥ 10 geg. ¥.
! ‘ Cycles /minute 250

Anzle of Oscillation, de:: 1G
E Load; lbs: 4000
Cycles to Faijure

B 1 102,482

r o 2 111,685

— | Average of runs 1 =2nd 2 107,033

208
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TABLE XLI-CONTINUED

SAMPLE NUMBER MCG-6;5-3£.§L RULI 110. 1

OSCILLATING BEARING TEST
ADSRP-6 BEARINGS

L25 deg. F., 4,000 1b, load;+stogped automatically after
102,482 cycles; oseillation - 1C°; no relubrication.

Bottom Bearing:

Rollers no fracture:
heavy spalling;
severe tlestic defermation;
bheavy vear,

Inner Race ‘ : no fracture;
heavy spallingz;
severe plastic deformation;
heavy wear.

Outer Race no fracture;
heavy spalling;
moderate plastic deformation;
heavy wear,

Top Bearing:

Rollers a0 fracture;
moderate spallic;
ne plastic deformation;
heavy wear.,

Imner Race no f{racture;
noderate spulling;
uno plastic delormation
beevy Jesr.

Quter Raca 0o {racture;
1izht spallin;;
ro yplastic deforration;
heavy, wear.

Note: Thermocouples for measurement 8na cootrol of texmperatise
vere velded to the iwwer reces o culih Seariz s.
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TABLE XLI-CONTINUED

SAMFLE IUHBER MOG-36-303, RUN NO. 2

OSCILLATING BEARING TEST
ADSRP-5 BEARINGS

42y deg. F., 4,0CC b, load; JStogped automsticelly after
111,585 cypelen; oscillation - 10°; no ralubrication.

Bottom Bearing:

Rollers no fracture;
heavy spallirz;
severe plastic deformation;
heavy wvear.,

Inner Race no fracture;
beavy spalling;
gevere plastic deforumtion;
heavy wear.

- _taef Race_ oo e no fracture;

- o B beavy spelling;
moderate plastic deformation;
heavy wear, . )

Top Bearing:

Rollers . ‘uo frecture;
. beavy spallirg;
" severe plastic dsformation;
beavy wear. '
Ioner Race g no fracture;
- besvy spalling;
‘severe plastic deformetiou;
heavy wear.

Quter 3mce _ : . no fracture;.
: . noderate spalling;
sase plastic deformetion;
beavy vear.

tote: Therzocouples for ~essurement 8sd control cof tesperetire
vere velded to the inner races ol both bearings.
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63

1«

120

180,500 + 64,31
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T/BLE XLIT

SALPLE LWRBER MOG-05-334

MEAN HERTZ LOAD
Rock Island Arsenal Methcd

Scar diameter, mm, Corrected loed, kigo

G227 * 21.C56
C.325 26.951
ve35C 34.11%
1.288 12.484
1.51% 1b.400
1.953 15.412
2.45 16.535
WELD

Total A 140.S560

a Kpan Hertz Load 2C.C

211
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TABLE XLII-CONTINUED

SAMPLE NUMBER MCG-60-33h
CREASE

 Teat Conditions: Temperature:

Cycles /ainute
Aogle of Oscillstion, deg:
Loed, 1lbs:

gchs to Pailure:

oo
1
2

Average of (uns 1 and 2

212

125 ¥ 10 deg. F.
250
10

%00C

Gycles
185,365
223,349
208,857
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425 deg. 7., h,m 1lb. lﬂd;"s
cles; oscillation - 107;

TASLE XLI1-CONTINUED

BAMPLE NUMBER MOG-66-334, RUN 0. 1

OBCILLATING SEARING TEST
ADSRP-£ BEARINGS

vogped suatomstically efter |

po reiutricatios.

Bottom Besring:
7oll

Quter Race

no fracture; ,
moderste spalling;
some plasti~ deformation;
heavy vear.

no fracture;

beavy gpalling;

severe plastic Ceforuation;
heavy vear.

ne fractire;

noderate spalling;

some plastic deformation;
Deavy vear,

no fracture;

beavy spalling; _
severe pissiic deformation;
heavy vear,

no frecturs;

hesvy spallin:;

severe plastic defcr=ation;
hesvy vear,

80 rectursy;

ooterste speliin:;

some ;lestic deformetion;
heavy vesr,

Tote: Thersocouples for meesurement snd couirel cf tempersture
vere velded to the ianer races of hoth teartsgs.

B B st DI
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* TABLE XLII.-CONTIKUED

'SAMPLE NUMBER MOG-66-334, RUN MO, 2

OSCILLATING BEARING TEST
' ADERP-5 BRARINGS

525 deg. F,, 4,06C 15, load; s togped automatically after
228,349 yc].es' oscillation - 10°; no relubrication.

Bottou Bearing:
Rollers

-Inner Race
Quter Race

" Top Bearing:
Rcllers

Ioner Roce

Quter lace

Note: Therwocoujles for messurement and coatrol of teapersture

no fracture;

no spelling;

0o plastic deformation;
wodertte vear,

no fracture;

oo spalling;

no plastic deformaticn;
noderate vear,

no fracture;

oo spalling;
no plastic deformation;

moderate vear.

oo fracture;
heavy spalling;

gevere plostic deformmtion;

heavy vear.

o0 frecture;

beavy spalling;

severe plastic delormstion;

beavy wvear.

oo iracture;
Wy spelling;

severe plastic deformation;

be."y Vear.

vere welded %O the iuner reces of both bearings.
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O selizure.,

TARLE KLILI

SAPLE .U-DEL MCG-50-335

MEAH HERTZ LOAD
Roci: Island Arsensl lMetbod

Scar diameter, rm, Corrected lozd, ig.
Ce33. 39.535
Ce3im LR Y &
C.s"3 45.300
€5 93.750
C.5321 59.T4%2
C.791 %.722
C.37o 25.29%
1.052 G3.45°
l.12C 122,078
1.2k 125,058
Total A 1:9.7°¢C
1.51% 106,435
WELD
Avers e B TR.T2T
TN S | = Heer Certe losd .9
C
218
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TABLE X1IY1.CONTINUED
U
SAYPLE NUMSER MOG-65-375
GREASE . ;
|
{ Test Conditions: Temper:ture: 425 ¥ 10 deg. F. o
Cycles/minute 250 g
Angle of Oscillation, deg: 10
1o8d, lbs: LCoO
Cycles to Feilure:
Rur Crcles
1 256,529
2 209,133 .
Aversge of runs 1 snd 2 232,981
216 o
! |
i
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TABLE XLII1I.CONTINUED

SAMPLE NUMBER MCG-55-335, RUi 0. 1

OBCILLATING BEARING TEST
ADBRP-6 BEARINGS

h25 degz. F., 4,000 1b. load; ; JStopred sutcastically after

es; oscillation - 1C ; no relubrication.

Bottom Bearing:

Rollers oo fracture;
no spalling;
no plastic deformacion;
poderate wveer.

Inner Race oo {racture;
oo spalling;
no plastic deformsetion;
moderete wear.

OQuter Race no fracture;
oo spalling;
no plastic deformation;
heavy wveer.

Rollers 50 ‘racture;
no spallicg;
a¢ plastic deformatios;
moderate vear.

Inper Race no fracture;
1155t speailog;
oc jlastic defcromtion:
goGerete vesr,

Outer Rasce as {rscture;
lisht azslifz,;
20 ple=tic deforaetion;
heevy vesr.

Tote: Thersocouzles for asssurenent and coutrol of temerst.re
vere welded %0 the jarer rsces of wuth tesric.s.

1?7
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TABLE XL1II.CONTINUED

SAPLE :{UMBSR MQL R N0, 2

OSCILLATIMG BRARI.G TEST
ADSRP-5 BEARIIGS

425 de;. P, 4,000 10, load; +3 autcamtically after
206,433 cycles; oscillatfon - 10 =0 relubricetion.

Bottom Bearing:

Rollers oo fructure;
hesvy spalling;
severe plastic deformetion;
neavy vear. :

Inner Race 2o fracture;
beavy srelling;
severe plastic deformation;
heavy.

Qutear Race a0 fracture;

hesavy spalling;
soderate plastic deformetion;
beavy wear.

Top Beering:

Rollers oo fracture;
1i4dt spelling;
oc plastic deformstion;
aoderste vesr.

looer Mace 0o Jrectare;

ligkt spalisng;
to pleatic deformation;
besvy vear.

Quter Race oo {racture;
1izht spallicg;
to plestic defurmation;
besvy vesr.

fote: Thermocoupies ior msessuremest and contral of tempersture
vere velded to the iuper rsces of both beericgs.

2.3
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Test Conditions:
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TABLE XLIV-CONTINUED

SAMPLE NIMBER MCG-66-336
GREASE

Temperature:
Cycles/minute
Angle of Oscillation, deg:

loed, lbs:

Cycles to Fuilure:

Averaze of runs ), 2 and 3

20

425 ¥ 10 deg. F.
r5C
10

Looo

Gycles

228,375
141,222
150,295

173,297

ST OF ST




? TABLE XL1V-CONTLNUED

' GAMPLY NUMBER MCG-60-336, RUN 1O, 1

OSCILLATING BEARING TEST
ADBRP-{ BEARINGS

425 deg. F., 4,000 1b. loed; sto sutomatically after
228,375 cycles; oscillstion - 1C ; no reluorication.

" Bottom Beering:
Rollers po fracture;
' heavy spalling;
severe plastic deformaticn;
heavy wear.

Inner Race . \ . po fructure;
- - ~ besvy spalling;
- severe plastic deformaticn;
heavy vear,

Le3

! Outer Race oo nn l‘x-kct\n-e;
' ~ ' : . heavy spalling;
severe plastic deformation;
"~ heavy wear.

Top Bearing:

Rollers . no fracture;
: some spalliog;
no plastic deforsation;
})CSV:_E' w~u ' B

Inner Race - .. ve frecturs;
' \ some spalliniy -
20 plastiz deforsatios;
widerate wear.

Quter- Race’ _ . po frecture;
- : soderste spallis;
30  lestic feformainng;
- bheayy NEST . o

Bote: Thormacousies for messurement snd contrul of tm;r;r:tm*
vere velded tc the lbper reces o1 2oth LeETIRLE.

21
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TABLE XLIV-CUNTINUED

SAMPLE NUMBER MOG-06-335, RUN NO, 2

OSCILLATING BBARING TEST
ADSRP-& BEARINGS

425 deg. F., 4,000 1. load; +stogped automatically after
141,222 cycies; oscillation - 10°; no relubricstion.

Bottom Bearing:

Rollers no fracture;
beavy spalling;
severe plastic deformation;
beavy wear,

Immer Race no fracture;
beavy spslling;
severe plastic deformstion;
beavy wvear.

Quter Race no fractiure;

beavy spalling;
severe plastic deformstion;
heavy vear.

Rollers no fracture;

some spalling;
no plaatic deformetion;

moderate vear,

Ioner Race no freacture;
aoderete spalling;
oo plastic defogeetion;
b“vy vear.

{uter Race no fracture;
modarate spalling;
oo plastic delnrmmtion;
heavy vesr.

foctea: Toersocouples for sessuresent snd cuntrol of tesparsture
vere waldad to the inner reces of both bearings.

222
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TABLE XLIV-CONTINUED

SAMPLE MMBER MOG-56-336, RUN NO. 3

OBCILLATING BEARING TEST
ADERP-6 BEARINGS

425 deg. F., 4,000 1b. M,’otsppod sutomatically after
Mﬁ, oscillstion -10"; oo relubrication.

Bottom Bearing:

Rollers oo fracture;

beavy spalling;
severe plastic dsformstion;

bsevy vear.

Inner Race 0 fracture;
beavy spalling;
severe plastic deformation;
haavy wear.

Oater Race oo frecture;
moderate spalling;
modarate plastic deformation;
heavy wear.

»e

Top Beering

Xollers no fracture;
some spalling;
no plastic deformation;
soderete vear.

Inner Recs oo frecture;

some spalling;
no plastic daformation;

beavy weear.

Qutar Race no frscture;
scae spelling;
oo plastic deformetion;
heavy vear,

s for asesurement and control of tempersture
vers weldad to the inner reces of both bearings.

:
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